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 In this thesis, the self assembly and electron transport properties of various molecular 
films on different substrates were investigated. In Chapter 3, we studied the fabrication of 
organic-inorganic hybrid molecular films on gold substrates via two different routes. Using an 
array of surface characterization techniques, we proved that the two-step strategy of coupling 
transition metal complexes to pyridine-terminated oligo(phenylene)ethynylene (OPP) self-
assembled monolayer (SAM) formed well-ordered and vertically upright molecular assemblies 
whereas direct assembly of synthesized transition metal-OPP molecules led to formation of 
defective films. Hence, Platinum (II) and Ruthenium (II) complexes were immobilized via axial 
ligation to OPP SAM template on gold substrates and the resulting molecular films were probed 
for their electronic properties using scanning probe microscopy and sandwich device structures. 
The electrical measurements revealed rectification and negative differential resistance (NDR) in 
the transition metal-OPP molecular films. In addition, enhanced charge transport was observed in 
these films compared to the OPP SAM. Subtle differences could be observed between the 
current-voltage (I-V) characteristics of Pt-OPP and Ru-OPP films arising from differences in their 
d-orbital structures, though this is not completely elucidated. 
 Theoretical simulations of the I-V characteristics of the transition metal-OPP molecular 
wires were performed using the first-principles density functional theory and non-equilibrium 
Green’s function (DFT-NEGF) in Chapter 4. While the calculations revealed currents that are few 
orders of magnitude higher than observed in the experiments, some qualitative aspects were 
consistent with the experimental results. NDR peaks are only observed for transition metal-OPP 
molecular wires. Higher conductance of the hybrid molecular wires is also reflected in the 
simulated I-V curves. However, only Pt-OPP displayed rectification with similar polarity as 
observed in its experimental I-V curve. The non-linear transport phenomena displayed by the 
transition metal-OPP molecular wires can be attributed to the presence of d orbitals lying in close 
vi 
 
vicinity to the electrode Fermi levels, facilitating low-bias conduction. NDR peaks can be 
attributed to the overlapping of closely spaced metal d orbitals and organic π orbitals that 
provides a delocalized electron transport path at a certain applied bias. 
In Chapter 5, we demonstrated strong rectification in assemblies of molecular dyads 
comprising of a bithiophene (2T) segment as the photo-active electron donor and either a C60 or 
dicyano moiety as the electron acceptor in the large-area sandwich device structure. Similar 
rectifying behavior, though much weaker, were observed when the molecular assemblies were 
probed under a bias voltage applied using Scanning Tunneling Microscopy. Enhanced conduction 
was observed under negative sample bias in the presence of light, indicating preferential electron 
flow from photo-active bithiophene moiety to the electron acceptor. Diamond-based solar cells 
incorporating 2T-C60 molecular dyads were then studied using impedance spectroscopy under 
different lighting conditions and various applied dc potentials. Photocurrent generation was 
enhanced at application of negative potentials higher than -0.2V, beyond which dark currents 
would become significant and lead to lower photoconversion efficiency. The impedance spectra 
of 2T-C60 obtained under various experimental conditions were modeled with slightly different 
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1.1 Molecular Electronics: Development and Challenges 
For the past few decades, the world has witnessed the doubling of the device density on a 
microprocessor approximately every two years as predicted by Moore’s law.1 If the present trends 
in device miniaturization were to continue, the size of electronic components would reach 
molecular scale within the next two decades.  The current “top-down” approach is widely 
recognized to be unsustainable in the long run owing to physical and economic limitations.2 
Underlying problems inherent in the “top-down” method include higher operating frequencies 
and increasingly difficult and expensive lithography. 
The novel idea of using molecules as electronic components in devices was first mooted 
in a classic paper by Aviram and Ratner in 1974.3 Since then, the idea of using organic molecules 
as functional units in electronic devices has received substantial amount of attention. Since 
device-scaling is approaching molecular scale, molecular electronics is an obvious potential 
alternative to semiconductor-based nanoscale electronics. The concept of molecular electronics 
revolves around the use of single molecules, or layers of molecules as active components in 
electronic devices such as wires,4 switches5 and storage elements6. One of the advantages of 
molecular device approach is the ability of synthetic chemistry to produce high quantities of 
molecules all possessing the same useful electronic and structural properties. The beauty of 
organic chemistry lies in that the electronic properties of these molecules can be tailored and 
tweaked simply by structural modifications. Most importantly, the small size of the molecules 
(from sub-nanometer to hundreds of nanometers) makes them ideal for the fabrication of high-
2 
 
density electronic devices. Other attractive properties include the relative stability, light weight, 
non-toxicity and low energy consumption of organic molecular wires. 
The simplest component of an integrated electronic system is a wire. J. M. Lehn has 
defined a molecular wire as a “one-dimensional molecule allowing a through-bridge exchange of 
an electron/hole between its remote ends/terminal groups, themselves able to exchange electrons 
with the outside world”.7 However, due to the small size of molecules, there are many practical 
considerations in the fabrication of even the simplest molecular electronic device i.e. a molecule 
connected between electrodes. After the fabrication of a metal-molecule-metal junction, the main 
challenge lies in verifying that the target molecule is positioned within the junction and connected 
to the electrodes in the desired way. In many cases, the electrical measurements of a molecular 
junction are strongly influenced by the nature of the metal-molecule contact and the contact 
geometry and therefore might not reveal any behavior that is truly reflective of the molecular 
structure. One prominent example is the observation of reversible switching behavior in Pt/stearic 
acid/Ti junction by Lau et al.8 The authors demonstrated that the switching effect arises from the 
formation of metallic filaments through the SAM. Similarly, negative differential resistance 
(NDR) features exhibited by other SAMs might have been caused by interfacial charge trapping 
effects instead of conformational or electronic change in the molecules.  
This underlies the need for a detailed study of the electronic properties of molecules for 
deeper understanding of the charge transport mechanism as well as to establish a relationship 
between the molecular structures and the properties. In addition, the effect of the molecule-
electrode interface on overall electrical behavior of the device should be elucidated and either 
minimized or taken into account in the design of molecular devices. It is also interesting to 
explore the possibility of controlling the electronic properties of the molecular devices using 
electric or magnetic fields. A full understanding of these fundamental issues will pave the way for 
the engineering of molecular electronic devices. 
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For molecular electronics to enter the industrialization stage, the stability of the 
molecules should be critically examined. Lindsay et al has observed stochastic on-off 
conductivity switching in a series of alkanethiols on Au, and the rate of switching increased 
significantly at elevated temperatures.9 Such temperature dependence of the electrical behavior 
should be taken into account during the design of molecular devices. In addition, the molecules 
should be chemically stable throughout the lifetime of the device. 
Assembling molecules at their desired sites on a chip one by one will increase the 
production cost dramatically. Hence the challenge lies in assembling different molecular 
components in a single step. One solution is to synthesize molecules with different anchoring 
groups for selective assembly of the molecules. A number of promising alternatives have been 
explored besides the popular gold-sulfur bond structure. Silicon-carbon bonding10,11 has been 
demonstrated as an attractive alternative since Si is currently the dominant materials employed in 
the semiconductor industry. Alternative contact systems that have been studied include 
isonitriles 12 , selenolates 13  and group 10 metals. Since its inception, the field of molecular 
electronics has shown promising potential and progress but deeper understanding of fundamental 
issues surrounding the device structures, molecular structures and their electronic properties will 
be required for real applications of the technology. 
 
1.2 Electrical characterization 
Numerous test-beds have been developed to construct well-defined molecular junctions 
for reliable conductance measurements. Examples include scanning probe microscopy junctions, 
mechanical break junctions, crossed-wire junctions, mercury junctions, nanopores, sandwich 
junctions and so on. Each of these techniques has its advantages and might involve probing a self-
assembled monolayer formed from the molecule of interest or a single molecular junction. 
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Electrical characterization of molecular films is generally more complex to interpret since the 
intermolecular interactions and film structure might influence the electrical properties to a 
significant extent. In the following section, we will review some of the experimental 
configurations used to study electron transport through single molecules and molecular 
assemblies. 










Break junctions are created by breaking a single metal wire into two sections with an 
adjustable tunneling gap between them. The metal wire might be broken by using a triple beam 
bending mechanism, STM based pulling mechanism or electromigration, none of which can 
control the exact contact geometry of the molecule between the electrodes.14 Gaps in the sub-
nanometer range allow single-molecule measurements to be performed. Reed et al15 was the first 
to employ mechanical break junctions in the study of electron transport through an isolated 1,4-
Figure 2-1. (a) Fabrication of a break junction test structure. (b)  Onset of conductance would be
observed when the two crossed wires are bridged by molecules.15 
5 
 
benzenethiol molecule. A gold wire was broken while immersed in the assembly solution such 
that molecules are assembled on the atomically sharp gold ends. Upon solvent evaporation, the 
broken ends of the wire were brought close with a piezo element until an onset of conductance 
was observed. The disadvantages of having such device structures include the poorly defined 
electrode geometry and the unknown nature of contacts between the molecules and the electrodes. 
Monolayer formation on the electrodes was not verified as well and there is a possibility that 
multilayer structure might be formed instead during evaporation of the solvent.  
1.2.2 Crossed-wire Junction Measurements 
Kushmerick and co-workers16,17 have developed a 
testbed device in which a SAM of the molecule of interest 
is formed on one of the two 10-μm diameter Au wires that 
are in a crossed geometry. The wires are brought into 
contact with each other by Lorentz force when a DC 
current passing through one of the wires in the presence of 
a magnetic field causes it to be deflected. Using this device, 
I(V) characteristics were determined for a series of alkyl and 
conjugated aromatic molecules. 18 , 19  Aromatic organic 
molecules were found to be the most conductive. Higher conductivity of oligopheneylene 
vinylene has been attributed to its higher co-planarity and hence better π-conjugation compared to 
oligophenylene ethynylene (OPE). 
In addition, Kushmerick et al demonstrated the importance of contacts in molecular 
electronics by testing OPE molecules with different functionalities at the ω termini of the 
molecules.20  OPE with hydrogen at ω terminus exhibited the largest rectification with large 
current onset at positive bias. The nitro-functionalized ω terminus showed the second highest 




rectification followed by pyridine with little rectification whereas the symmetric dithiolated 
molecule exhibited zero rectification. Using this approach, single molecule junction cannot be 
formed but the I-V curves are quantized and the molecular conductance can be obtained by 
dividing each curve by different integer divisors.  
1.2.3 Conductive Probe atomic force microscopy (CP-AFM) 
In CP-AFM, a cantilever with a sharp metal tip is brought into contact with the sample 
surface under a controlled load. The feedback mechanism used to maintain a constant force on the 
cantilever is independent of the sample conductivity, allowing virtually all types of substrates to 





Lindsay and coworkers have studied the conductivity of alkanedithiol molecules inserted 
into an alkanethiol SAM by tethering gold nanoparticles to the terminal thiol ends and contacting 
the nanoparticles using a conducting AFM probe. 21  They observed integer quantized I-V 
characteristics due to varying number of molecules sandwiched between the surface and the 
nanoparticle. On the other hand, Tao’s group moved a conductive AFM tip in and out of contact 
with a gold surface in dilute adsorbate solution and measured the conductance of molecules 
bridging the tip and the gold surface.22 
Figure 1-3. CP-AFM measurements on (a) C8-thiol monolayer and (b) C8-dithiol molecule
attached to a Au nanoparticle 
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CP-AFM has also been used to address small bundles of molecules whose decay constant 
(β) could be correlated with molecular length and contact resistance.23 Decay constants were 
determined as a function of molecular length for a series of alkanethiols and oligophenylene 
thiolates.24 Lower β values obtained for oligophenylene thiolates indicate higher conductivity in 
the aromatic organic molecules. To test the contact resistance at the molecule-metal interface, the 
metal substrates were varied between Au, Ag, Pd and Pt, whereas molecules are synthesized with 
different terminal functionalities (S or CN).  
 Although these Au-SAM-tip test structures are relatively easy to create, there are some 
shortcomings regarding the use of CP-AFM for electrical characterization of molecules. Frisbie 
and co-workers25,26 identified strong influence of tip load force and tip radius on measured I-V 
curves using CP-AFM as both factors determine the tip-SAM contact area and the degree of 
deformation. The exact number of molecules under probe is not known. Contact formed between 
monolayer and AFM probe is susceptible to contamination which is likely to contribute to tip-to-
tip variance in these CP-AFM measurements.27 
1.2.4 Scanning Tunneling Microscopy (STM) 
Since its invention in the early 1980s28, STM has been extensively used in the study of 
electronic properties of surfaces or single molecules adsorbed to surfaces through real-space 
imaging. Due to the exponential decay of the tunneling current across the tip-sample gap, 
tunneling occurs primarily through the end most of the tip, enabling ultrahigh resolution to be 
achieved in STM imaging.29 For electrical measurement, the STM tip is typically positioned to 
within a few angstroms of the organic monolayers prepared on conducting or semiconducting 
surface. 30,31 Alternatively, the STM tip can be used to address individual molecules that are 
inserted into a host alkanethiolate matrix. 32,33  
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The additional tunneling gap between STM tip and molecules results in measurements of 
low currents through the molecules. The asymmetric contacts with regard to the materials and 
shapes of the electrodes also complicate the interpretation of the results. The approach typically 
suffers from an uncertainty in the number of molecules contacted by the tip and the nature of that 
contact and requires the substrate to be conductive for electrical measurements.  
1.2.5 Nanopore & large-area Sandwich Junctions 
This nanoscale device structure is fabricated using e-beam lithography and plasma 
etching to drill a pore in a silicon nitride substrate. Bottom metal contact is evaporated before 
assembly.34,35 A SAM is deposited from solution onto the metal followed by evaporation of a top 
contact onto the SAM at low temperature to prevent damage to the SAM. The junction can 




The conductance of both single molecules38 and SAMs39,40 has been studied in a nanopore 
device. Stable and reproducible switching and memory effects have been observed in nanopore 
devices.41 Using the nanopore junction, NDR was observed only in functionalized OPE and was 
proposed to be a function of the electronic charge states of the molecule depending on the 
functionalization. 42  Others suggested that NDR is an instrumental artifact arising from 
evaporation of top metal contact. For instance, Allara and coworkers have shown that vacuum 
deposition of Ti on alkanethiolate SAMs on Au and on OPE monolayers is not uniform and 
Figure 1-4. Schematic diagram of a nanopore device. 
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results in the formation of degradation products such as carbides which penetrate into the 
monolayer, forming complex metal-molecule junctions.43,44  
Recently, Akkerman et al have fabricated large-area molecular junctions that boast of 
high device yields and reproducibility.45 The enlargement of device area is made possible by 
using a highly conducting polymer as a cushioning layer between the SAM and the top electrode 
to circumvent electrical shorts. Despite the presence of an additional polymer layer, the junction 
resistance is still dominated by the SAM. The molecular junctions are housed in patterned 
photoresist that protects them from interaction with the environment, resulting in excellent 
stability. 
1.2.6 Mercury Drop Junctions 
Whitesides46,47 has developed a testbed for measuring conductance in molecular wires 
using two metal electrodes to sandwich two SAMs, with the top metal electrode being mercury 
for convenience of formation. A mercury drop junction typically comprises of a mercury drop 
covered with a SAM interacting with another SAM formed on a metal film electrode (Ag, Au, or 
Cu).48,49 The metal film is fixed in position while a micromanipulator moves the mercury drop 
into contact with the metal film. This technique is limited due to the toxicity and volatility of 
mercury and single molecule conductance cannot be directly measured due to the relatively large 
surface area.  
 
 
1.3 Candidate Molecular Wires and their properties 
In the reported literature, there are generally two types of molecular wires. A large 
portion of work has been done on purely organic molecular wires. The remaining portion of the 
literature focuses on organometallic wires. The organometallic class also includes inorganic 
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molecules for ease of classification due to the small number of inorganic molecular wires in the 
literature.  
1.3.1 Organic molecular wires50 
Oligo(2,5-thiophene ethynylene)s (OTEs)51,52constitute one class of rigid-rod oligomeric 
molecular wires potentially important for applications in molecular electronics. The wires are 
typically synthesized with thioester as the terminal functionality. Upon in-situ deprotection, thiol 
groups facilitate adsorption onto Au surfaces. The ethynyl units linking the thiophene moieties 
enable maximum orbital overlap throughout the entire molecule while keeping the molecule in a 
rod-like shape. Side chains attached to thiophene cores improve the solubility of the molecules in 
organic solvents. 
A second class of rigid-rod oligomers that has been studied extensively are the oligo(1,4-
phenylene ethynylene)s (OPEs). Similar to OTEs, alkyl side chains were added to impart organic 
solvent solubility. A series of OPE derivatives have been synthesized to demonstrate the effect of 
alligator clips on their conductance properties.53 Different testbeds have been employed for I-V 
characterization of OPE molecular wires and in some cases, widely different results have been 
obtained. Switching behavior was observed for the series of OPE derivatives using STM.31 Using 
the nanopore architecture, only the nitro-functionalized OPE exhibited switching properties.41 
Therefore, there are doubts over whether switching behavior arises from conformational changes 
or particular functionality present in the molecule of interest. U-shaped OPE-based molecules54 
have been synthesized to further elucidate switching mechanisms of molecular wires. These 
molecules have restricted conformations and therefore ideal for studying switching mechanisms 
and NDR behavior thought to be due to molecular conformational changes. 
Electron-deficient fluorinated OPEs have been synthesized as free thiols, nitriles and 




















between energy levels of bulk interfaces and molecular frontier orbitals compared to non-
fluorinated analogs. Differential scanning calorimetry revealed higher thermal stability than non-
fluorinated counterparts. Hence, fluorinated OPEs might be useful for fabrication by physical 








OPEs could be designed with free thiol or nitrile functionalities at one end and thioacetate 
at the other to dictate molecular directionality during self-assembly and inhibit crosslinking in the 
case of self assembly on nanorods.56 The thioacetate ends can then be removed with NH4OH or 
acid to deprotect the thiol end for adhering to another metallic material.  
A third important class of conjugated organic compounds are the oligo(1,4-phenylene 
vinylene)s (OPVs)57,58. OPV molecular wires have been demonstrated to be better conductors 
than OPE molecular wires due to restricted phenylene rotation leading to increased co-planarity 
and orbital overlap. 
Figure 1-5. Molecular structures of (a) an OTE where n = 1, 2, 3…; (b) a U-shaped OPE; (c) a
nitro-substituted OPE; (d) an OPV and (e) an aromatic ladder oligomer.50 
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Aromatic ladder oligomers that display rigidity, extended π-conjugation for facile 
electron transfer, good electronic coupling with metallic contacts, have also been synthesized.59 
These molecular systems cannot undergo internal rotational motion.60 STM studies of shortened 
ladder oligomers (2-thioacetophenanthrene and 4-thioacetobiphenyl) showed that internal ring 
rotation was not required for conductance switching.61 
There are several other classes of organic conjugated molecules including 
oligophenylene62, acetylene oligomers63 and carbon nanotubes64 that exhibit interesting electronic 
transport properties, making them possible candidates for molecular electronic applications.  
1.3.2 Organometallic Molecular Wires 
 Tour et al has synthesized transition metal coordination complexes containing unpaired 
electrons and single-molecule transistors formed using these complexes have been demonstrated 
to show Kondo resonances. 65   
Ambroise et al have synthesized and characterized porphyrin molecules linked by diaryl 
ethyne units to light-absorbing dyes.66 These molecules function as molecular photonic wires by 
transmitting the energy absorbed by the dyes to a free base porphyrin transmission unit and 
producing very high quantum efficiency. 
Alkyne moieties have been used to link porphyrin units to construct longer molecular 
wires. The synthesis and optoelectronic properties of such conjugated porphyrin molecular wires 
have been reviewed by Anderson.67 Strong inter-porphyrin conjugation in the ground state is 
found to be responsible for their electronic behavior. 
Organometallic molecular wires incorporating pyridine ligands have also been reported. 
Ruthenium (II) polypyridyl complexes were found to form luminescent molecular wire only when 
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they are linked together with thiophenediyl spacers. 68  Shiotsuka et al. also demonstrated a 
luminescent Ru-Au-Ru triad comprising of two Ru complexes bridged by a Au-acetylide unit.69  
 
1.4  Self assembly of molecular wires 
SAMs are a key element of the multidisciplinary bottom-up approach to build complex 
supramolecular structures from molecular building blocks. The tunable electrical properties of 
organic molecules and their ability to self-organize into different nanostructures on surfaces make 
them ideal for applications in the field of molecular electronics. The fabrication of molecular 
assemblies on surfaces to produce well-defined nanoscale structures or molecularly well-ordered 
thin films can be carried out by a number of different techniques, including self-assembly, casting 
and spin-coating, and layer-by-layer procedures, Langmuir-Blodgett (LB) technique.  
 
1.5 Structural Characterization of self-assembled molecular wire ensemble 
An arsenal of analytical techniques is currently employed in the extensive 
characterization of molecular assemblies. These analytical methods include ellipsometry 
measurements of SAM thickness 70 , 71 ; water contact angle goniometry 72  that determines the 
contact angle liquid droplets make with surfaces, and thus the hydrophobicity or hydrophilicity; 
cyclic voltammetry (CV)73 , 74 , a solution-based electrochemical method used to evaluate the 
completeness of SAM formation on conductive materials; grazing angle infrared spectroscopy75, 
that can be used to obtain infrared absorbance and thus chemical identification of SAMs on 
surfaces; X-ray photoelectron spectroscopy (XPS)76 that can verify the elemental composition of 





1.6 Choice of Substrates 
Gold is a popular substrate due to its chemical inertness and low tendency to oxidize 
under ambient conditions. It is readily available and gold films on various substrates can be 
prepared simply by thermal evaporation. Gold-thiol (Au-S) is a well-known covalent linkage that 
has been used to form good quality monolayers. 
Boron-doped diamond films have emerged as important electrode materials due to their 
chemical robustness, optical transparency, wide electrochemical potential window, and 
biocompatibility. Methods to functionalize the diamond substrates include photochemical 
coupling with alkenes77,78 and electrochemical reduction of aryldiazonium salts79,80. The first 
functionalization technique is largely limited to alkyl compounds since aromaticity in the 
compounds would result in non-selective coupling mechanisms in the presence of UV 
illumination. On the other hand, electroreduction of aryldiazonium salts is a convenient method 
of functionalizing the surface with aryl molecules.  
 
1.7 Theoretical Simulation 
Theoretical computation has also been carried out in tandem to experimental work and 
plays an indispensable role for advancing the field of molecular electronics. The first theoretical 
model proposed by Aviram and Ratner for a molecular rectifier was based on chemical intuition.3 
Subsequent models adopted semi-empirical descriptions of the chemistry81,82 and recently full ab 
initio approaches have been introduced.83, 84, 85 
 Molecular devices usually contain several hundreds of electrons and, in addition to that, 
parts of the metallic electrodes have to be taken into account in the calculation. As a result, the 
“extended” molecule can only be solved by approximate methods. Among the available ab initio 
methods, density functional theory (DFT) is the only numerical method capable of handling large 
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systems. 86 . 87 , 88 , 89  DFT has been successfully used in obtaining the atomic configuration of 
molecules or band structures in simple metals with less demanding computational requirements 
than is the case for exact methods. Ability to calculate electronic structure led to predictions of I-
V characteristics of different molecules under various conditions.90,91,92 For organic molecules, 
the magnitudes of currents at a given bias voltage frequently vary by two orders of magnitude. 
This is likely to stem from the sensitivity of the conductance to approximate functional used in 
DFT. However, the qualitative trends are usually accurately predicted. Current research strives to 
improve the quantitative agreement between theoretical simulations and experimental results.93 
 
1.8 The scope of my work 
The scope of my project includes investigating properties of a variety of molecular wires 
on different platforms. In my first chapter, pyridine-terminated OPE (OPP) molecules are 
assembled onto gold surfaces and the resulting ordered SAM serves as a platform for the 
immobilization of transition metal complexes. Theoretical simulations of the OPP and transition 
metal-OPP molecular junctions are presented in the second chapter. The transition metal-OPP 
junctions are shown to exhibit interesting electrical properties owing to their unique electronic 
structures. In my last chapter, donor-acceptor type molecular wires incorporating photo-active 
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Experiments & Simulations 
 
2.1 Introduction 
Theoretical simulations and experiments are often performed in tandem for a more 
complete understanding of complex scientific problems. This chapter briefly describes the main 
experimental techniques and computational methodologies used in this thesis. 
 
2.2 Experiments 
2.2.1 X-ray Photoelectron Spectroscopy (XPS) 
XPS is an electron spectroscopic method that uses soft X-ray (200-2000 eV) radiation to 
induce emission of inner-shell electrons. 1,2 The kinetic energy of these electrons depends on the 
energy of the incident photons as well as the electron binding energies. Al Kα (1486.6 eV) or Mg 
Kα (1253.6 eV) is often employed as the X-ray source. The mean free path of the electrons in 
solid materials therefore lies within the nanometer range, making XPS a highly surface-sensitive 
technique. The kinetic energy of the emitted photoelectrons is measured by using a concentric 
hemispherical analyzer and the resulting photoelectron spectrum is recorded. Each element will 
produce a series of peaks at characteristic binding energies hence the chemical composition of the 
material can be determined using XPS.  
The working principle of XPS is illustrated in Figure 1. Upon irradiation with a flux of 
X-ray photons with known energy, photoelectrons are ejected from the sample core-levels. By 




ே ൅ ݄߭ ൌ ܧ௙
ேିଵ ൅ ܧ௞                                Equation 2-1 
where ܧ௜ே is the total energy of the system containing N electrons in its initial ground state, ܧ௙ேିଵ 
is the total energy of the ionized system left with N - 1 electron in its final state and ܧ௞ is the 
kinetic energy of the emitted photoelectron. The binding energy of the photoelectron, ܧ஻, can be 
defined by the initial and final state configurations, 









Figure 2-1. Schematic illustration of photoionization process in XPS technique. 
 
From equations 2-1 and 2-2, the binding energy of the electron in the atom ܧ஻can be expressed as: 




The binding energies of energy levels in solids are conventionally measured with respect to the 
Fermi level of the solid, rather than the vacuum level. A small correction should therefore be 
made to the equation above to account for the workfunction of the solid and the equation 3 
becomes: 
ܧ஻ ൌ ݄߭ െ ܧ௞ െ ߶         Equation 2-4 
where φ denotes the workfunction of the sample. 
The binding energy of the peaks might be slightly altered by the chemical state of the 
emitting atom as well as its chemical environment. The peak areas (with appropriate sensitivity 
factors) can be used to determine the relative amounts of the respective atoms. Hence, XPS can 
be used to verify the molecular composition of self-assembled monolayers prepared.  
2.2.2 Ellipsometry 
Ellipsometry3,4 is commonly used to measure the thickness and refractive index of semi-
transparent thin films. In this technique, the change in polarization of a polarized light beam 
reflected at the film-substrate interface is recorded as a function of its wavelength and angle of 
incidence. The measured experimental parameters are expressed as amplitude ratio Ψ and phase 
difference Δ. These values are related to the Fresnel reflection coefficients, Rp and Rs, for p- and 




                         Equation 2-5 
The film thickness and optical constants of a thin film can be determined by setting up an 
appropriate optical model that accurately describes the real system. The unknown parameters are 
iterated to give the best fit to the measured data. However, in the case of ultrathin films, the 
optical constants and film thicknesses are highly correlated and cannot be independently 
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determined. Hence, for our purpose of estimation of the SAM thicknesses, the refractive index of 
the films is assumed to be 1.8. This is a reasonable assumption considering alkanethiol SAMs are 
usually assigned a value between 1.45 and 1.55 and conjugated molecules are expected to have a 
higher refractive index.  
2.2.3 Cyclic Voltammetry (CV) 
 CV is routinely used to determine the completeness of SAM formation and monitor the 
rate of SAM formation on a gold electrode in the presence of redox species, typically 
[FeII(CN6)]4-.5,6 Current measured under applied bias gives an indication of the defect densities 
present in the SAM. Prior to self assembly, CV of a bare Au electrode would show a quasi-
reversible redox peaks indicating unimpeded interfacial electron transfer between the electrode 
and redox species in the electrolyte. Redox currents are expected to progressively drop with 
longer periods of assembly times. When a complete film is formed on the Au electrode, the 
electrode surface would be fully passivated giving rise to an almost flattened capacitance shape in 
the cyclic voltammogram.  
2.2.4 High Resolution Electron Energy Loss Spectroscopy 
In HREELS7,8, the sample surface is irradiated with low-energy monoenergetic electron 
beam and the energies of the scattered electrons are analyzed to obtain high-resolution spectra of 
electron energy lost via various scattering mechanisms. The measurements and assignment of 
vibrational modes of organic surfaces provide information about the chemical bonding and 
orientation of the bonds at the interface between surface and adsorbate. HREELS is 
complementary to infrared spectroscopy as it can measure vibrational excitations at lower energy. 
Due to the short-range interaction in the impact mechanism, only the outermost chemical groups 
at the SAM-vacuum interface can be probed. The high sensitivity (<0.1 % of a monolayer) and 
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broad spectral range (0-1000 meV or 0-8000 cm-1) make HREELS an ideal tool for characterizing 
a wide variety of molecular thin films. 
The vibrational excitations mainly occur via two scattering mechanisms, namely dipole 
and impact scattering mechanisms. These mechanisms can be distinguished by means of angular 
distribution of inelastically scattering electrons. Dipole scattering involves the long-range 
coulombic interactions between the incident electron and oscillating dipole moments of the 
adsorbed species. Thus, the excitation probability (energy loss intensity) is enhanced for the 
dynamic dipole moment perpendicular to the surface and is diminished when it is parallel to the 
surface due to its image dipole. Hence, only dipole active modes are expected to determine the 
energy loss spectrum recorded in specular geometry. Dipolar loss is strongly localized around the 
specular direction due to a small momentum transfer that accompanies dipole scattering. In 
contrast, the short-range impact scattering involves large momentum transfer, giving rise to a 
broad angular distribution.  
By selecting appropriate experimental conditions, HREEL spectroscopy can be utilized to 
provide unique information about the molecular film composition and orientation.  However 
interpretation of HREELS spectra remains challenging due to presence of a large number of 
vibrational features and superposition of various scattering mechanisms.  
2.2.5 Atomic force microscopy 
The main components of AFM include a piezoceramic scanner, AFM probe and a photo 
detector that is used for feedback control to adjust the tip-sample distance during scanning. The 
laser beam hits and gets reflected from the back of the reflective AFM lever onto a position-
sensitive photo detector. The operation of AFM relies on the forces between the tip and sample 
that are not directly measured, but which can be calculated by measuring the laser deflection from 










Figure 2-2. Schematic representation of the main components of an atomic force microscope.  
In contrast to contact mode AFM that are commonly used, non-contact AFM9 allows 
topographic imaging of soft organic samples with minimal or no contact between the tip and 
sample surface. This ensures the preservation of sample topographic features as well as extended 
lifetime of the AFM tip. There are basically two types of interactions between the tip and sample 
surface, i.e. static electric repulsive forces between ion cores and the static electric attractive 
forces between valence electrons and ion cores. In NC-AFM, the cantilever is vibrated near the 
sample surface with the tip-sample spacing (tens to hundreds angstroms) within the attractive 
force regime of the force-distance curve. Due to the weak interaction between the tip and sample, 
the deflection of the cantilever cannot be measured accurately. Instead, the changes in the 
vibration amplitude of the cantilever due to the attractive force between the probe tip and the 
sample are detected while the cantilever is mechanically oscillated near its resonant frequency. To 
minimize vibrational noises, the AFM system is placed on an anti-vibration table. The entire 
setup is then housed in an acoustic enclosure to screen off acoustic noise that is detrimental to 
AFM measurements.  
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 Using electrically conducting AFM probes, electrical measurements can be obtained 
alongside topographic imaging and correlated with specific topographic features. This mode of 
AFM is known as “conducting probe atomic force microscopy” (CP-AFM)10,11. The conducting 
probe is positioned under controlled load at certain points on the sample and the I-V response of 
the sample is determined using external electronics. CP-AFM can also be used to probe I-V 
characteristics of virtually all types of surfaces, including insulating or poorly conducting samples. 
However, since the AFM tip is placed in direct physical contact with the sample, the measured I-
V behavior will be greatly influenced by the tip-sample contact.  
 
2.2.6 Scanning Tunneling Microscopy and Spectroscopy 
Scanning tunneling microscopy12,13 is a well-established technique for probing nanoscale 
electronic properties. An atomically sharp conducting tip (typically made of tungsten or platinum-
iridium alloy) is brought within a few angstroms of a conducting or semiconducting sample. A 
small bias voltage is applied between the tip and the sample such that a small tunneling current 
could be detected when the tip is brought very close to the sample. Depending on the polarity of 
the bias voltage, different types of electronic states of the sample surface would participate in the 
electron transfer with electron flow in a certain direction. With the tip grounded, electrons would 
tunnel from fermi states of the tip into unoccupied states of the sample when the sample is 
positively biased. At opposite bias polarity, the electron flow would occur in the reversed 
direction. 
In classical mechanics, an electron transfer between the tip and the sample would require 
energy that is larger than the workfunction of the tip/sample material in order to overcome the 
barrier between them. In quantum mechanics, the electrons are able to tunnel across the barrier. 
The state of an electron in a one-dimensional junction with a rectangular barrier is given by 
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      ߰ሺݖሻ ൌ ߰ሺ0ሻ݁ି఑௭               Equation 2-6 
where  κ is expressed as  ߢ ൌ ඥଶ௠ሺ௏ିாሻ
԰
, ߰ is the electronic wavefunction, z is the tip-sample 
separation, m is the electron mass, V is the potential in the barrier, E is the energy of the tunneling 
electron, and ԰ is the Planck’s constant. The square of the wavefunction is proportional to the 
probability distribution of the electron, and thus, the probability of tunneling yielding a tunneling 
current, I, is given by 
   |߰ሺݖሻ|ଶ ן ݁ିଶ఑௭ ן ܫሺݖሻ                       Equation 2-7 
STS14 is the study of the tunneling current as a function of the bias voltage at a constant 
tip-sample separation. The feedback is switched off, and the I-V curve is determined while 
linearly ramping the voltage across the tunneling gap. The results of STS measurements are 
usually presented by plotting the current I, the conductance I/V or more commonly the 
normalized conductance (dI/dV)/(I/V) as a function of the voltage V. The plot of the tunneling 
density of electronic density of states can resemble that of the electronic density of states versus 
energy. STS measurements are rarely reproducible at room temperature and ambient conditions 
due to the occurrence of thermal drift and vibrations. To achieve an acceptable signal to noise 
ratio, it is desirable to record and average multiple I-V curves at each spot. For the same sample, 
many different positions (away from grain boundaries and defect sites) should be probed using a 
few freshly clipped tips. These I-V curves are averaged to show the overall properties of the film. 
In the case of molecular rectifiers, the rectification ratios of each of the I-V curves might be 
presented in a histogram to show the statistical distribution. 
Experimental images usually exhibit variations and artifacts as a result of non-ideal tip 
geometry. Under ambient conditions, Pt/Ir tips are favored over tungsten tips as the latter is easily 
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oxidized in air. Low current transimpedance pre-amplifier is coupled to the STM system for 
measurement of samples with poor electrical conductivity. 
2.2.7 Electrochemical Impedance Spectroscopy (EIS) 
 Impedance spectroscopy 15 , 16  measures the current response to the application of 
alternating-current (ac) voltage as a function of frequency. Small ac excitation amplitudes (5-10 
mV) are typically applied over a frequency range between 1 mHz and 1 kHz such that 
perturbation exerted on the system is minimal. Within this range, the solutions to relevant 
mathematical equations used are transformed into limiting forms that are normally linear.  The 
current response to the sinusoidal excitation voltage will be sinusoidal as well, but shifted in 
phase.  
Impedance can be thought of as a complex resistance when current flows through a 
circuit comprising of resistors, capacitors, inductors or any combination of these. A small ac 
excitation wave (typically 5-10 mV) of a given frequency, is superimposed on the dc bias 
potential and the resulting ac current and its phase shift are measured using frequency response 
analyzer (FRA). The ac signal obtained from the cell is multiplied by the reference sinusoidal 
wave and integrated to obtain real and imaginary components of the impedance.  
One popular way of presenting the impedance data17 is in the form of a Nyquist plot, in 
which the imaginary impedance component (Z”) is plotted against the real impedance component 
(Z’). This plot format emphasizes circuit elements that are in series but the frequency information 
is not explicitly shown. In addition, ohmic resistance could be easily obtained from the Nyquist 
plot. A shortcoming of the Nyquist plot is the absence of frequency information which could be 
overcome by presenting the same data in the Bode plot format in which absolute values of 
impedance and phase angle are shown as functions of the frequency. In this plot, the frequency 
dependence of the impedance data can be clearly seen.  
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The electrode-electrolyte interface can be modeled by an equivalent circuit and the 
experimental data can be fitted by varying the circuit components. Quality of the fit is quantified 
by the root-mean-square difference between the fitted curve and the recorded spectrum. A good 
equivalent circuit model would be one that describes the physical interfacial phenomena well and 
provides excellent fit to the experimental data. 
 
2.3 Theoretical Simulation 
The first-principles computational package, Atomistix Toolkit (ATK 2.4) is used to 
investigate the electron transport through the metal-molecule-metal systems under finite bias. 
This method is based on first-principles density functional theory (DFT) and non-equilibrium 
Green’s functions (NEGF). 18  First, the system is constructed by sandwiching the molecular 
structure between two semi-infinite electrodes. Coupling between the left and right electrodes 
only takes place via the device region that comprises of molecule flanked by a few layers of 
electrode atoms on both sides. The effects from bulk electrodes on device region are accounted 
for by self-energies, which are represented by effective Hamiltonians arising from coupling of the 
device region with the electrodes. DFT within the local density approximation is used to describe 
the electronic structure self-consistently within the device region. Other more complicated 
functional have been proposed which have been shown to generally improve the description of 
the systems in equilibrium. There is however no straightforward method in predicting the 
suitability or accuracy of these functionals for a wide range of systems and the only way would 
be through comparisons between theoretical results and reliable experimental data. The charge 
distribution for the system is calculated using NEGF which can take into account the 
contributions of both scattering and bound states to the charge density. The transmission function 
T(E, V) of the system is calculated as the sum of transmission probabilities of all density of states 
available at energy E under external bias V: 
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        ܶሺܧ, ܸሻ ൌ  ܶݎሾΓ௅ሺܸሻܩሺܧ, ܸሻΓோሺܸሻܩכሺܧ, ܸሻሿ        Equation 2-8 
where G is the Green’s function of the contact region, while coupling functions ΓL and ΓR are the 
imaginary parts of the left and right self-energies respectively. Self-energies are effective 
Hamiltonians arising from coupling between the device region and the bulk electrodes. The 
electric current flowing from one electrode to the other is obtained by integration of the 






ሺܧ, ܸሻ െ ோ݂ሺܧ, ܸሻሻ · ܶሺܧ, ܸሻ                    Equation 2-9 
where fL(E, V) and fR(E, V) are the Fermi-Dirac functions for the left and right electrodes at 
energy E under bias voltage V. The limits of the integration function are given by ߤ௠௜௡ = Ef – 
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Despite their unique electronic properties, there are relatively few studies of molecular 
wires containing inorganic transition metal complexes. Most of the molecular wires studied to 
date are constructed entirely of organic chains.1 Molecular wires incorporating transition metal 
complexes are interesting due to the availability of multiple redox and spin states that could lead 
to non-linear transport phenomena.2, 3  
We adopt a two-step strategy to construct an organic-inorganic molecular wire ensemble 
by using pyridine-terminated oligo(phenylene-ethynylene) (OPP) monolayer as a platform for 
coordination to transition metal complexes. OPP was first self-assembled on a gold substrate to 
form a well-ordered and compact monolayer. Subsequently, Platinum (II) or Ruthenium (II) 
complexes were immobilized onto the OPP SAM via axial ligation. Assembly of transition metal 
complexes through such surface-confined ligand substitution reactions has been previously 
reported. 4 , 5  Using this two-step process, an assembly of organic-inorganic molecular wires 
adopting the standing-up configuration can be constructed across the entire substrate. In contrast, 
direct assembly of the synthesized transition metal-OPP molecular wires on gold was found to 
result in flat-lying molecules. The electrical properties of the composite systems were probed 
using three test-beds namely large area sandwich device structures, conducting-probe atomic 
force microscopy (CP-AFM) and scanning tunneling spectroscopy (STS).  The measurements 
revealed interesting non-linear I-V phenomena in the transition metal-OPP molecular films 
including enhanced conductivities, current rectification and negative differential resistance 
(NDR). Theoretical calculations of their electronic structures were also performed to gain insights 
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into the charge transport properties. This study shows the promise of realizing well-ordered 
organometallic architectures by the coordination of transition metal complexes onto pre-
assembled OPP SAM. 
 
3.2 Experimental Section 
3.2.1 Materials 
All the molecules studied in this project were synthesized by Dr Li Liqian from A/P John 
Yip’s lab. Ammonium hydroxide (Aldrich, 30% NH4OH in water), anhydrous acetonitrile 
(Aldrich, 99.8%) were used as received. Tetrahydrofuran was purified by distillation over 
metallic sodium and benzophenone under a nitrogen atmosphere. Milli-Q grade water (> 18 MΩ) 
was used for preparation of electrolyte solutions in electrochemical experiments. Glasswares were 
routinely cleaned using aqua regia (3:1 concentrated HCl/concentrated HNO3). 
3.2.2 Electronic structures of isolated molecules  
UV/Vis spectra of the OPP molecular wire ligand, [PtII(C^N^N)(OPP)]+ and 
[RuII(terpy)(bipy)(OPP)]2+ complexes in dichloromethane were recorded on a Shimadzu UV-
2450 spectrophotometer under ambient conditions. Emission spectra of [PtII(C^N^N)(OPP)]+ 
were obtained on Perkin Elmer LS 55 fluorescence spectrometer.  
Electronic structures of the isolated molecules were calculated using B3PW91 hybrid 
DFT with LanL2DZ basis set for all the atoms as implemented in the GAUSSIAN 03 program. 
3.2.3 Monolayer preparation 
Self-assembled monolayers (SAMs) were prepared on two types of gold surfaces, namely 
gold-coated silicon (100) wafers (Platypus Technologies) and gold/mica substrates (SPI, West 
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Chester, Pennsylvania, USA). These substrates are polycrystalline with a predominant (111) 
orientation.6, 7 Au/Si wafers were cleaned immediately prior to use by soaking in piranha solution 
(3:1 concentrated H2SO4/30% H2O2) at 60oC for 10 min, followed by thorough rinsing with 
ultrapure water. Au/mica substrates were cleaned by a few sputter-anneal cycles in UHV chamber 
before self-assembly. OPP monolayers were prepared by immersing Au substrates into 0.5 mM 
solution of OPP in freshly distilled THF for 20-24 hours. 10 μL of 30% NH4OH was added for 
in-situ deprotection 5-10 min before introducing Au substrates.  
Organic-inorganic composite films were fabricated via two routes as shown in Figure 3-1. 
One strategy is to chemically synthesize a molecular wire consisting of the cyclometalated Pt (II) 
complex, [PtII(C^N^N)]+, coupled to thiolated OPP that serves as the bridging ligand to the Au 
surface. However, the addition of NH4OH to deprotect the acetyl group was found to result in 
side reactions. Therefore, Pt(C^N^N) thioacetate derivatives were directly assembled without any 
base deprotection. Another approach was to couple transition metal complexes to the terminal 
pyridyl moieties of pre-assembled OPP SAM by axial ligation. In this case, Au substrates pre-
functionalized with OPP SAM were incubated in ~1 mM solution of Pt(C^N^N) precursors in 
anhydrous acetonitrile for 2 days to form Pt-OPP SAM. A similar procedure was applied for 
[RuII(terpy)(bipy)] complexes by heating OPP-modified gold substrates in 1 mM of the precursor 
solution under nitrogen atmosphere. 
3.2.4 Surface Characterization 
 X-ray Photoelectron Spectroscopy (XPS) were performed with a VG ESCA Mark II 
spectrometer equipped with an unmonochromatized Mg Kα X-ray source (hυ = 1253.6 eV) and 
hemispherical electron analyzer. Survey spectra were acquired with a pass energy of 50 eV while 
high-resolution spectra were acquired with a pass energy of 20eV. The analyzer pass energy was 
maintained at 50 eV for single sweep survey scans and 20 eV for high resolution narrow scans. 
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(A)  Route 1: Direct assembly of [PtII(C^N^N)(OPP)]PF6 molecules on Au. 


























































Spectral analysis included a linear background correction followed by peak de-convolution with 
mixed Gaussian-Lorentzian functions. The binding energies were referenced to Au 4f7/2 peak at 





















Figure 3-1. Schematic diagram showing (A) Chemical structure of cyclometallated Platinum (II) 
complex synthesized with thiolated OPP as its bridging ligand and the proposed multilayer 
structure formed on direct assembly; (B) (i) Self-assembly of OPP monolayer by in-situ 
deprotection of thioacetate precursors and (ii) subsequent immobilization of Pt(II) and Ru(II) 




Layer thickness for all self-assembled thin films was estimated by ellipsometry (J. A. 
Woollam M-2000 variable angle spectroscopic ellipsometer) at angles between 60o-70o. 
Ellipsometric data were acquired for each gold substrate prior to and immediately after surface 
modification. Data analysis was performed using WVASE32 software package over spectral 
region of 400—800 nm. Optical constants of clean gold substrate were obtained by setting its 
thickness to 1000 Å and used in subsequent fitting for the self-assembled films. Mean-squared 
error (MSE) is used to quantify the difference between experimental and theoretical curves for 
ellipsometric parameters. MSE can be minimized by fitting the experimental data with a suitable 
model. Samples were stored under nitrogen atmosphere to avoid oxidation of the molecules.  
   Cyclic voltammetry (CV) was performed in a conventional three-electrode 
electrochemical cell with geometric area of the working electrode defined by the size of an inert 
elastomer O-ring (0.0707 cm2). Ag-AgCl (3 M KCl) and large-area platinum mesh were used as 
reference and counter electrodes, respectively. Electrolyte solutions were prepared with ultrapure 
water (resistivity = 18.2 MΩ cm) and nitrogen-purged for at least 20 min before experiments. 
Cyclic voltammograms were collected with Autolab PGSTAT30 digital potentiostat /galvanostat 
coupled with GPES 4.9 software (Eco Chemie, The Netherlands) and a Lock-In Amplifier (PAR 
EG&G model 273A). Electrochemical blocking experiments were conducted in an aqueous 
solution of 1 mM K3[Fe(CN)6] with 0.1 M KCl as supporting electrolyte between -0.2 and +0.6 V 
at scan rate of 50 mV/s.  
 High resolution electron energy loss spectroscopy (HREELS) was performed in UHV 
chamber equipped with Delta 0.5 HREELS spectrometer (SPECS GmbH). Energy of incident 
electron beam Ep was set to 5 eV. Energy resolution measured as full width at half-maximum of 
elastic peak was 7 meV. Each spectrum was normalized to the intensity of its elastic peak. 












calculations on the isolated molecule. Optimized geometries and frequencies were calculated 
using B3LYP functional with the basis set DNP and DFT semi-core pseudo-potentials. 
AFM topographic images were acquired in non-contact mode using XE-100 AFM system 
(PSIA Corp.) with silicon cantilevers (tip radius < 10 nm) under ambient conditions. XEI image 
processing software was used to extract cross-sectional profiles of the topographic images. 
 Photoluminescence measurements of Pt-OPP films on gold were performed by excitation 
at λ = 325 nm with a pulsed laser using micro Raman/PL spectrometer. 






Figure 3-2. (a) Patterned Au bottom contacts were first evaporated through shadow mask onto a 
glass substrate. After film formation, molecular junctions (0.1 x 0.1 mm2) were formed by 
evaporating top Cr/Au contact oriented at right angles to the bottom contacts; (b) Sandwich 
device configuration in a single molecular junction. Blue and red arrows show direction of 
electron and current flow respectively when positive voltage is applied to top contact. 
 
Figure 3-2 shows the schematic of sandwich device fabrication. Patterned Cr (50 Å) and 
Au (500 Å) bottom contacts were evaporated through shadow mask onto glass substrates (15 × 15 
mm2). The substrates were cleaned using oxygen-plasma before immersion into solution of 
precursor molecules for self-assembly to proceed. After film deposition, the substrates were 
rinsed thoroughly and dried with gentle flow of N2. PEDOT:PSSH:surfactant (1:16:0.01) was 




the top metal contact. Finally, Cr/Au top contacts were evaporated through a shadow mask to 
form 0.1 × 0.1 mm2 molecular junctions. I-V measurements were performed using a Keithley 
4200 semiconductor parameter analyzer using a probe-station in N2-purged glove box. Such 
sandwich devices were fabricated for I-V characterization for all samples. Control devices 
without SAM were also prepared and measured to ensure the I-V curve for PEDOT/PSS layer 
alone is ohmic and does not dominate the I-V curves recorded for the samples. Parasitic currents 
through the overlaying conducting polymer were verified to be negligible by measuring current 
response between two adjacent top or bottom contacts.  
Conducting-probe atomic force microscopic (CP-AFM) measurements were performed 
using a XE-100 AFM (PSIA Corp.) instrument. The AFM tips used were commercially available 
silicon cantilevers coated with conductive Au-Cr film (nominal force constant 3.5 N/m). 
Junctions were formed by contacting conductive tips under controlled load of 2 nN with the 
sample surface. The tips were not scanned over the surface to prevent scratching the gold coating. 
In our setup, the sample was isolated from ground and a voltage was applied on the sample under 
software control. The tip current was read by a current-to-voltage converter (Femto LCA 200-
100G). Multiple samples of each monolayer were studied. Constant normal load ~2 nN was 
applied during all the measurements and each sample was tested with 3—4 new tips. 10—15 I-V 
curves were recorded with each tip at different locations by sweeping voltage between ±1.0 V 
under constant applied load. The tip-sample contact area was estimated using the Hertzian 
model.8  
STM measurements were performed at room temperature under ambient conditions. 
Mechanically cut Pt-Ir (80:20) tips were used for imaging and current-voltage acquisitions with 
bias applied to sample. Topographic images were obtained in constant current mode with large 
tunnel junction impedances of 50 GΩ --1 TΩ to avoid destructive tip-surface interactions (where 
reliable imaging of molecular features can be obtained). During the sweep of bias voltage, the tip-
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sample distance was held fixed by interrupting feedback to z-piezo and the current was recorded. 
To minimize tip artifacts, the electronic data were averaged from 30 I/V curves per sample that 
were taken at random points using several freshly clipped tips per sample. 
 
3.3 Results & Discussion 
3.3.1 Experimental design 
Transition metal complexes of π-conjugated molecules constitute a potentially important 
class of molecules for molecular electronics. Coupling transition metal complexes to the 
conjugated molecular wire ensemble introduces d-orbitals into its π-electronic system. These 
transition metal complexes can offer two redox-centered states (i.e. the metal-centered lowest 
unoccupied molecular orbital and the ligand-centered highest occupied molecular orbital), giving 
rise to interesting non-linear transport phenomena. 
Two metal complexes of different coordination geometries are chosen for our study. 
Platinum(II) d8 complexes exhibit thermodynamic preference for four-coordinate square planar 
structure, while ruthenium(II) complexs typically adopt octahedral geometry. Besides introducing 
d-electron states within the band gap of the molecular wire ligand, coordination of the complexes 
will also induce a dipole moment directed towards the metal ion center. The positively charged 
metal ion serves as the electron-accepting moiety in the hybrid structure, attracting electron 
density from its ligands, particularly the bridging molecular wire ligand. Due to higher oxidation 
state of the ruthenium(II) complexes metal ion, a higher dipole moment exists in the 
organometallic wire containing the Ru complexes compared to the Pt complexes. The existence 
of a permanent dipole moment can potentially result in current rectification response in I-V 




The charge transport property of the molecular wire is also affected by factors like the 
molecular orientation and structure in the assembled films relative to the electrode.10 Square 
planar platinum(II) complexes often form various stacking structures in solid state and in solution. 
The stacking behavior of platinum(II) complexes is directed by intermolecular Pt-Pt and/or π-π 
interactions between aromatic planar moieties, leading to aggregation of platinum(II) 
complexes.11 In contrast, the spherical geometry of the ruthenium(II) complexes prohibits similar 
stacking and consequently are expected to be spaced further apart. Though ruthenium(II) 
complexes are expected to display more pronounced rectification effect due to higher dipole 
moment, two-dimensional stacking of Pt(II) complexes might result in stronger dipolar field and 
in turn produce stronger rectifying behavior. In addition, stacking interactions between Pt(II) 
complexes can impose significant perturbation on the photophysical properties, giving rise to 
low-energy transition arising from metal-metal to ligand charge transfer metal-metal-to-ligand 
charge transfer (MMLCT).12 This will be further elaborated under Results and Discussion section. 
3.3.2 Molecular structure & orientation.  
It is useful to establish first the chemical and structural integrity of the films as well as 
the molecular orientation on the gold substrates. Surface science techniques such as XPS and 
HREELS were applied to investigate the chemical bonding environment and vibrational 
signatures of the molecular wire. Ellipsometry was applied to evaluate the film thickness and its 
molecular orientation. Cyclic voltammetric measurements were carried out in the presence of 



















Figure 3-3. XPS core level spectra of (a) OPP/Au, (b) Pt-OPP/Au assembled via two-step 
coupling, (c) Pt-OPP(direct)/Au with base-promoted deprotection and (d) Pt-OPP(direct)/Au 
without base deprotection in S 2p, N1s and Pt4d5/2 regions. 
 
Table 3-1. Peak assignment of XPS spectral features 
Element Spectral 
feature 






Isolated/sp hybridized S (at low coverage) 










Unmodified pyridyl N 
Protonated pyridyl N 





The S 2p, N 1s and Pt 4d5/2 XPS spectra of molecular films assembled using different 
methods are presented in Figure 3-3. In our work, Pt 4d5/2 spectra were acquired instead of Pt 4f 
due to peak interference of shake-up satellite structure in the Pt 4f region. The assignments of 
component peaks in S 2p and N 1s regions are summarized in Table 3-1. 
Formation of chemical gold-sulfur bond in various films is verified by the occurrence of 
S 2p3/2 peak at 162 eV.13, 14 Another peak present in all the films at 163.6 eV is attributable to 





















unbound thiols physisorbed on the thiolate layer. 15  Directly synthesized Pt-OPP complexes 
assembled with and without base-promoted deprotection exhibited an additional peak at 161.3 eV 
that can be attributed to sp-hybridized sulfur and has been observed for incomplete or highly 
defective monolayers.16, 17 Oxidized sulfur species at 168 eV18 were also detected in the two 
directly assembled thiolated Pt(II) complexes, revealing poor packing. Similar structure was not 
observed in OPP SAM and Pt-OPP assembled by two-step chelation method as air oxidation of 
thiolate species was prevented by the closely packed structure of the OPP monolayers. 
The N 1s spectra of various SAMs can be fitted with two peaks. The lower binding 
energy component at 399 eV in all four spectra is assigned to free pyridine N atoms.19 In OPP 
SAM, the small peak at 400.5 eV arises from protonated pyridinium N whereas similar peaks in 
the other SAMs correspond to pyridyl N coordinated to Pt(II) metal center. The N 1s spectrum of 
Pt-OPP prepared via two-step route showed equal amounts of free and coordinated pyridine N 
indicating incomplete chelation of OPP with PtII(C^N^N) complexes. This is expected since 
ligand substitution reaction is reversible and equilibrium is achieved after prolonged incubation. 
The presence of relatively large amounts of free pyridine N in directly assembled Pt-OPP 
complex with deprotection compared to that without deprotection suggests that addition of base 
resulted in detachment of PtII(C^N^N) from OPP derivative. 
Pt 4d5/2 spectra were acquired to verify the successful grafting of cyclometalated Pt(II) 
complexes onto the surface. Pt-OPP films prepared using two different strategies both showed 
XPS peaks attributable to Pt(II) species with varying peak intensities and binding energies. Direct 
assembled Pt-OPP which has been subjected to in-situ deprotection exhibited a very weak peak 
indicating vanishingly small amounts of Pt(II) species, consistent with low intensity of 
coordinated N in N 1s spectrum. This provides strong evidence that the addition of base caused 
PtII(C^N^N) to break off from OPP. Direct assembly without base deprotection allowed 
successful immobilization of PtII(C^N^N) but the peak occurred at lower binding energy ~316.3 
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eV compared to the two-step assembly (~316.8 eV). This suggests a more tilted orientation of Pt 
(II) complexes resulting in closer proximity of Pt (II) metal center to Au surface, in agreement 
with S 2p and N 1s spectral data.  
The presence or absence of the counterions is also indicative of the type of bonding with 
the gold substrate. For example, no F signal can be detected in Pt-OPP/Au assembled via two-
step coupling, suggesting the absence of PF6- counteranions. This suggests that the Pt(II) 
complexes are coordinated to the OPP SAM via covalent linkages, in this case charge transfer 
from the OPP molecular wire as well as from the surrounding molecules in the closely packed 
monolayer stabilizes the central metal ion. On the other hand, a persistent F 1s peak is present in 
the spectrum of the directly assembled PtII(C^N^N)(OPP) thioacetate, suggesting that the direct-
assembly route results in physisorption of the transition metal complex on the surface. 
XPS results show that the two-step grafting of Pt (II) complexes yielded films with higher 
packing density and orientational order compared to those formed via direct assembly. The poorer 
quality of the latter films is evident from the presence of additional sulfur species as well as the 
shift of N 1s and Pt 4d5/2 peaks to lower binding energies. Therefore, the two-step coupling of 
transition metal complexes to pre-assembled OPP SAM is chosen for the fabrication of organic-
inorganic composite films. 
Similarly, Ru-OPP hybrid films were prepared via the facile axial ligation of 
[Ru(terpy)(bipy)]2+ complexes to OPP monolayer. S 2p and N 1s spectra of Ru-OPP shown in 
Figure 3-4 were similar to that obtained for Pt-OPP. Successful coordination of Ru(II) complex 








Figure 3-4. XPS core level spectra of Ru-OPP/Au in (a) S 2p region showing bound and unbound 
thiolates, (b) N 1s region showing free pyridyl N of underlying OPP and pyridyl N coordinated to 
Ru(II) metal center, (c) C 1s region showing small peak at ∼281 eV attributable to Ru 3d5/2. 
 
Ellipsometry was used to estimate the film thickness of SAMs and the fitted values are 
compared to calculated end-to-end molecular length of component molecules in Table 3-2.  In 
previous ellipsometric studies, the refractive index of alkanethiols and aromatic thiols were 
typically fixed at values between 1.45 –1.55. 22  However, these values would result in an 
overestimation of the film thickness for conjugated molecules.23 Hence in our study, a refractive 
index of 1.8 was used in the ellipsometric modeling. Ellipsometric results for OPP and Pt-OPP 
are in close agreement with the calculated thicknesses of the molecules, suggesting a nearly 
upright configuration for these two organic films. Monolayer thickness of directly assembled Pt-
OPP thioacetate was measured to be 14.4 Å which suggests a large molecular tilt (~60o) relative 






Table 3-2.   Thickness values for SAMs on Au determined by ellipsometry. 




1 20 19.4 ± 0.1 
2 28 14.7 ± 0.1 
3a 28 24.4 ± 0.1 
3b 28 28.9 ± 0.1 
a Distances were calculated from S to the terminal atom i.e. pyridyl N in 1 and furthest H in 2—3b by 
molecular mechanics to get unbound molecule length plus Au-S bond length (1.81 Å). Au-S-C bond angles 
were assumed to be linear. 
b An index of refraction of 1.8 was assumed for all film thickness calculations.  
 
The structural integrity of the thin organic films was assessed by performing CV in the 
presence of ferricyanide redox probe. The ability to block electron transfer between gold surface 
and redox species in solution depends on the surface coverage and level of defects in the 
films.24,25 Figure 3-5 shows the cyclic voltammograms for blocking experiments performed on 
modified and bare gold substrates. On a bare Au substrate, heterogeneous electron transfer 
proceeded without any impediment, resulting in closely spaced peaks characteristic of a quasi-
reversible one-electron redox reaction. OPP SAM effectively blocked faradaic reaction on the 
electrode surface to a substantial extent, which is evident of the formation of a densely packed 
film.  
Direct assembly of Pt(C^N^N)(OPP) on Au substrate did not passivate the surface from 
charge transfer. This suggests that direct assembly produced poorly packed films with a high 
density of defects. In contrast, both the OPP monolayer as well as the Pt(II) complex-chelated 
OPP complexes can form tightly packed films that passivate the gold surface from charge transfer. 
The slightly enhanced charge transfer in the case of the Pt(C^N^N)-chelated OPP monolayer 
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could be attributed to electrostatic attraction between negatively charged Fe(CN)63- and positively 









Figure 3-5.  Cyclic voltammograms for (a) bare Au, (b) OPP/Au, (c) Pt-OPP(direct)/Au, (d) Pt-
OPP/Au and (e) Ru-OPP/Au in aqueous solution containing 1 mM K3Fe(CN)6 and 0.1 M KCl. 
Scan rate: 50 mV/s.   
 
HREELS was performed to verify the presence of functional groups and to assess the 
molecular orientation of the molecular wires. Figure 3-6 presents the vibrational spectra of OPP, 
Pt-OPP and Ru-OPP films on Au recorded in specular geometry. To facilitate assignment of loss 
peaks, vibrational structure of each molecule was investigated by performing density functional 
theory (DFT) calculations on isolated molecules. Electron energy loss frequencies are 
summarized in Table 3-3 and proposed assignments were made by comparison with the 

















Figure 3-6. HREELS spectra of (a) OPP/Au; (b) Pt-OPP/Au and (c) Ru-OPP/Au recorded in 
specular geometry (θi = θr = 53o). Incident energy: 5 eV. 
 
HREELS spectra of the OPP before and after coordination to the transition metal 
complexes are very similar due to the OPP rigid-rod backbone present in all films. The electron 
energy loss features show good agreement with calculated frequencies. The Au—S stretching 
mode, typically observed at ~240 cm-1 in alkanethiol SAMs,26 could not  be distinguished from 
the extended tail of the elastic peak. The C—S stretching frequency27 at ~700 cm-1 overlaps with 
the ring modes and cannot be isolated. All three films exhibit in-plane and out-of-plane ring 
deformations, C—H bending and stretching at the respective frequencies. Successful coupling of 
metal complexes to terminal pyridyl moieties of OPP SAM is evidenced by appearance of 





Table 3-3. Position and assignment of observed HREELS vibrational losses of the various SAMs.  







1 41 331 399 Ru-N stretch 
2 51 411 455 Pt-N stretch 
In-plane ring def, C≡C twisting 
3 68 548 556 Oop ring def (CH wagging) 
4 101 815 742 
946 
Oop =C-H ring deformation (1,4-disub 
benzene) 
Oop C—H bending 
Phenyl C—S stretch 
5 119 960 1090 Oop C-H bending in pyridyl rings 
6 135 1089 1114 C-C stretching / =C-H in plane bending 
In plane C-H deformation in pyridyl ring 
7 148 1194 1274 Aromatic =C-H in-plane deformation 
8 159 1282 1325 C-N stretching 
9 180 1452 1599 CH2 scissoring 
10 197 1589 1624 C=C stretching in phenyl and pyridyl rings 

















Figure 3-7. UV/Vis absorption spectra of OPP (black, a), Pt-OPP (red, b) and Ru-OPP (blue, c) 
in dichloromethane at 298 K. 
 
Figure 3-7 shows the absorption spectra of OPP, Pt-OPP and Ru-OPP recorded in 
dichloromethane solution at room temperature. Conjugated OPP ligand exhibits intense 
absorption bands (λmax = 325 nm) attributable to π → π* transitions. Upon coordination to the 
transition metal complexes, a bathochromic shift is evident in the spectra of the resulting 
organometallic wire. The cyclometallated Pt(II) complex absorbs strongly in 250—350 nm region, 
showing characteristic bands arising from intra-ligand absorption of 6-phenyl-2,2’-bipyridine 
(C^N^N). Similarly, Ru(II) complex exhibits π → π* (terpy, bipy) transitions in the same region. 
In both transition metal complexes, metal to ligand charge transfer (MLCT) bands are present in 
the visible range of 400—450 nm and 400—600 nm for Pt(II) and Ru(II) complexes, respectively. 
The absorption spectra of transition metal-OPP complexes are not simply a superposition of 
spectra of the individual transition metal complexes and OPP but reflect shifts in positions of the 
absorption bands. This shows a strong modulation of the π-electronic structure of the conjugated 
50 
 
molecular ligand by the d-orbitals in each complex. In addition, the metal-to-ligand charge 
transfer (MLCT) band of Ru(II) complex appeared at higher wavelength than that of Pt(II) 









Figure 3-8. (a) Emission spectra of [PtII(C^N^N)(OPP)]+ in dichloromethane at concentration of 
10-6 mol dm-3 (dashed) and 10-3 mol dm-3 (blue) collected at λex = 380 nm. The blue spectrum was 
enlarged by a factor of 4.5 for better visualization of weak emission at 680 nm. (b) Schematic 
molecular orbital diagrams of monomeric and stacked Pt(II) complexes  illustrating Pt-Pt 
electronic interaction of Pt(II) complexes. 
 
Square-planar platinum(II) complexes display propensity to undergo Pt-Pt and/or ligand-
ligand π-π stacking in solutions and solid state. The emission spectra of [Pt(C^N^N)(OPP)]+ 
complexes are found to be concentration-dependent in dichloromethane as shown in Figure 3-8a. 
At low concentrations (10-4—10-6 mol dm-3), an intense emission at 535 nm is observed. 
Increasing the concentration of the complex to 10-3 mol dm-3 results in suppression of the 
emission at 535 nm and the appearance of a new emission band centred at 680 nm. Previous 





ligand-ligand (π-π) and metal-metal interactions. The luminescence arising from stacking of these 
complexes can be understood by considering the electronic interactions between closely spaced 
Pt(II) centers as shown in Figure 3-8b.  
Figure 3-9 shows that the emission spectra of both Pt-OPP hybrid films prepared via 
two-step procedure and direct assembly exhibit sharp emission at 678 nm arising from Pt-Pt 
and/or π-π between aromatic ligand moieties. Monomeric luminescence is greatly diminished and 
red-shifted to λmax = 570 nm. To the best of our knowledge, we provide the first experimental 









Figure 3-9. PL spectra of directly assembled Pt-OPP (cyan) and Pt-OPP fabricated via two-step 
assembly (blue) superimposed with emission spectrum of Pt-OPP solution in dichloromethane 
(dashed). Strong bands at 678 nm arise due to stacking arrangement of Pt(II) complexes on Au 
surfaces as shown on illustrations on the right panel. 
 
Theoretical modeling of these complexes provided insight into their unique electronic 





OPP bridging ligand while LUMOs are contributed by transition metal center and ligand 
contacting the other electrode. Dipole moments were calculated to be 3.43, 15.12 and 27.54 for 







Figure 3-10. Frontier molecular orbitals of the isolated molecules. 
 
3.3.4 Probing electrical properties of hybrid films. 
In this study, the electron transport properties of SAMs were probed using three test-beds. 
In the first method, SAMs were sandwiched between metal electrodes to form large-area 
molecular junctions and the average bulk film properties were studied. The other two methods are 
conducting probe atomic force microscopy (AFM) and scanning tunneling microscopy (STM).  
Sandwich device measurement 
In Figure 3-11, the current density (J) is plotted on a logarithmic scale as a function of 
the applied voltage (V) for the various molecular films. The inset shows that the measured current 
of the bare junction without SAM is several orders of magnitude larger compared to the junction 








OPP Pt-OPP Ru-OPP 
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the resistance of the molecular wire. Junctions containing OPP monolayer showed slight 
rectifying behavior with higher currents in the positive bias region (i.e. electron injection at Au-S 
interface). The overall measured current density of both transition metal-OPP monolayers is 
much larger than that of the OPP. In addition, the transition metal-OPP molecular films shows 
opposite rectification to that of OPP with higher currents observed at negative applied bias. The 
rectification ratios (RR = I(-1.0V)/I(+1.0V)) are 2.25 and 2.4 for junctions containing Pt(II) and 









Figure 3-11. Current density plotted as a function of voltage bias on logarithmic scale for (a) 
OPP/Au, (b) Pt-OPP/Au, (c) Ru-OPP/Au and (d) Pt-OPP(direct)/Au. Inset shows current 
density measured in junction with only PEDOT:PSS layer. 
 
Direct assembly of synthesized Pt-OPP molecular wire on gold gave rise to a symmetric 
I-V curve and also higher currents for the same bias range applied. Square planar Pt(II) complexes 
have a tendency to undergo π-π stacking producing multilayer films and the Pt(II) center can 
interact with the gold substrate, forming a highly tilted system. The charge transport properties of 
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the resulting film will be symmetric because a planar stacking arrangement minimizes the 
electrostatic energy.  
Sandwich device structures fabricated using the two-step assembly form well-defined and 
highly stable molecular junctions showing highly reproducible I-V characteristics. 










Figure 3-12. NC-AFM topographic images and cross sections for (a) bare Au/mica; (b) OPP/Au; 
(c) Pt-OPP/Au and (d) Ru-OPP/Au surfaces.  
 
In CP-AFM, the conductive AFM probe was brought in contact with the molecules 
assembled on gold substrate. The topographic images of the sample were first obtained using 
non-contact AFM mode to ensure that the scanned region contained relatively smooth surfaces. 
Figure 3-12 shows the surface morphology of various SAMs prepared. The height profiles of 
these images show surfaces with root-mean-square roughness between 1 to 2 nm for SAM 
(a) (b) 
(c) (d) 
0.1 μm 0.1 μm 
0.1 μm 0.1 μm 
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samples. Study of load dependence of junction resistance by Wold and Frisbie showed that while 
greater loads lowered resistance, load variations of a few nN for applied loads below 10 nN 
produce insignificant changes to the resistance.28 With this in mind, we performed electrical 









Figure 3-13. I-V curves measured by CP-AFM (left) and STS (right) for OPP/Au, Pt-OPP/Au 
and Ru-OPP/Au. Polarity shown corresponds to sample bias. STM tip position was initially set to 
provide tunneling current of 2 pA at 1.0 V. Arrows mark out the NDR peaks. 
 
Figure 3-13 shows the I-V curves obtained for various molecular films. Similar to the 
device measurement, rectification was observed for OPP, with a rectification ratio of 1.84. CP-
AFM also confirmed that charge transport through the transition metal complex-OPP monolayer 
is much more facile compared to the OPP layer, similar to results obtained in device 
measurements.  Films incorporating both Pt(II) and Ru(II) complexes exhibit currents one order 
of magnitude higher than that observed for OPP. Rectification can be observed in both Pt- and 
Ru-OPP films, in opposite polarity to that observed in OPP. In addition, the hybrid films show 
fine NDR features in both positive and negative region, though the peaks in positive bias region 
56 
 
are typically stronger. NDR typically appears at ~0.8V in the case of Pt(II) complexes while for 
Ru(II) complexes, NDR peaks start appearing at bias at around 0.6V.  
Scanning Tunneling Microscopy (STM) 
STM images of the molecular architectures were obtained prior to I-V measurements to 
ensure that the probe was positioned in close proximity to the molecular films without penetrating 
the films. While OPP monolayer showed well-ordered domains as shown in Figure 3-14, large-
area order was not observed for the hybrid molecular films. This might be due to less orderly 
arrangement of tethered transition metal complexes on the underlying OPP monolayer. In 






Figure 3-14.  Constant current STM topography of (a) freshly annealed bare Au/mica, (b) 
OPP/Au, (c) Pt-OPP/Au and (d) Ru-OPP/Au acquired in air. STM imaging condition: Vbias = 
1.0V, It = 2pA. 
 
I-V spectroscopy was performed under ambient conditions at room temperature to study 
the conductance properties of the hybrid films. Using set-point conditions of 2 pA and 1000 mV 
bias voltage, current-voltage curves were acquired between -2.0 V and 2.0 V as shown in Figure 
3-13. For comparison, charge transport through pristine OPP SAM was also investigated. In each 
case, the films were probed at several locations and recorded I-V data were averaged from ten 
scans at each of the sites. Currents recorded using STS were two orders of magnitude lower than 




molecular films. The relative current magnitudes exhibited by pristine OPP SAM and the hybrid 
films were similar to the trend observed in device and CP-AFM results. Similarly, rectification 
effects were observed in all the films, with OPP and transition metal-OPP molecular films 
displaying opposite rectification. Fine NDR features were only present in the transition metal-
OPP molecular films. Recent work by Lee et al3 has shown similar NDR behavior in ruthenium 
(II) complex ligated to a dithiolated ligand. The NDR has been attributed to the presence of d 
orbitals lying near the Fermi level and alignment and crossing of electrode potential with these 
molecular levels. In the following section, a more in-depth discussion about the non-linear 
transport phenomena observed in hybrid films is provided. 
Discussion of I-V results 
Transition metal-OPP molecular films consistently showed higher conductance values 
compared to OPP SAM on all three platforms. In OPP monolayer, the dominant conduction 
mechanism is believed to be non-resonant (direct) tunneling within the bias window probed. 
Upon chelation of the transition metal complexes to terminal pyridyl moieties of OPP monolayer, 
d-orbitals were introduced into the π-electronic system giving rise to a smaller HOMO-LUMO 
gap. At sufficiently high bias within ± 2.0 V, electrode Fermi level can become aligned with the 
molecular frontier orbitals, giving rise to resonant tunneling of electrons. The enhanced 
conductivity observed for the transition metal-OPP molecular films can be attributed to their 























Figure 3-15. (a) Energy band diagram for OPP/Au contacted with conductive probe showing 
rectification effect imposed by the molecular dipole moment directed away from the probe. (b) 
Energy band diagram of Pt-OPP/Au illustrating opposite rectifying behavior due to dipole 
moment pointing towards the probe. (c) Schematic diagram of energy levels and potential drops 
across the molecular junction taking into account weaker coupling at molecule/tip interface. 






Current rectification was observed in both OPP SAM and transition metal-OPP molecular 
films. Rectification effect arises due to existence of a dipole moment in the molecular layer and 
the rectification polarity is dictated by the orientation of the molecular dipole moment with 
respect to the electrodes. 29 , 30  Dipole moments present in OPP, PtII(C^N^N)(OPP) and 
RuII(terpy)(bpy)(OPP) molecules were calculated to be 3.43, 15.12 and 27.54 Debye respectively. 
The molecular dipole moment for OPP was directed towards thiolate end anchored to the 
substrate. This led to uneven line-up of the Fermi energy levels between the electrodes relative to 
molecular orbital due to the dipolar field (Figure 3-15a). A small negative bias voltage is needed 
to bring the Fermi energy level with molecular orbital into resonance to allow charge transport. 
Conversely, a large positive voltage is needed to overcome the dipolar field and bring MO into 
resonance with Fermi level of electrodes. This explains preferred electron transfer from substrate 
to LUMO of the molecule. In the case of transition metal-OPP molecular films, the molecular 
dipole moments were directed towards the STM tip, hence rectification was observed in the 
opposite polarity (Figure 3-15b). In Figure 3-10, the frontier MO diagrams for Pt(II) and Ru(II) 
complexes showed that the LUMO is concentrated mainly at the central metal ion while HOMO 
has higher electron density located on the OPP bridging ligand towards the thiol end. The 
preferred electron flow would therefore be electron injection from STM tip into LUMO of the 
metal complex and electron transfer from HOMO to the positively biased substrate. 
In principle, the transition metal complexes possess much higher dipole moments than 
OPP, however we did not observe a stronger rectification effect from the transition metal-OPP 
films. This could arise from the opposite dipole moment of the surrounding OPP matrix. In 
addition, asymmetric molecule-metal coupling at terminal ends imposed an opposite effect in 
lineup of the electrode Fermi levels relative to the molecular orbital (Figure 3-15c). The absence 
of a covalent linkage between the film and the tip resulted in large voltage drop between the 
molecule and the tip, this produced a much lower rectification effect than expected. Over 65% of  
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the measured hybrid films showed higher tunneling current at positive sample bias than at 
negative bias while the rest exhibited the opposite rectifying behavior. The opposite rectifying 
behavior might be due to the tip contacting the regions of OPP film not coordinated to metal 
complexes. Higher rectification ratios were observed for Pt(II) complex despite the fact that Ru(II) 
complex showed a higher dipole moment. This might be due to lower degree of immobilization of 
octahedral Ru(II) complexes. 
Negative differential resistance (NDR) peaks were observed in our hybrid molecular 
films. NDR refers to the phenomenon of measured current decreasing with an increase in the bias. 
No NDR was observed for OPP within the bias window, but distinct NDR peaks could be 
observed for the transition metal-OPP molecular wire. The d orbitals of the transition metal 
complexes provide additional resonance channels for charge transport compared to the π* orbitals 
in the OPP molecular wire. Due to the dipolar field along the molecular axis, a small positive bias 
will bring the Fermi level of ungrounded electrode into resonance with the filled frontier orbitals.  
Molecular resonances also occur when sufficiently high negative bias is applied to align the 
electrode Fermi levels with HOMO or LUMO. As the applied voltage brings the Fermi levels of 
electrode into alignment with a molecular orbital, current spikes, but as the applied voltage 
exceeds the threshold and the Fermi level gets out of alignment, the current drops because the 
available density of states is reduced, giving rise to NDR effects. In the case of resonant tunneling, 
the NDR peaks should in fact be observed at the same bias for all the scans. However, 
considerable variation in the position of NDR features could be seen between different scans due 
to the ambiguity in tip position with respect to different film components. In addition, STS was 
performed at room temperature leading to significant molecular vibrations or thermionic effects 
and it was difficult for the true orbital ordering to be reflected in the I-V curves. In previous 
studies using low-temperature STM, stronger NDR peaks (with peak-to-valley ratio as high as 60) 
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have been recorded for oligo(phenylene ethynylene) SAMs at 6K. Such NDR phenomenon is 
potentially useful in switching and memory devices.31,32 
 
3.4  Concluding remarks 
We have demonstrated that OPP self-assembled monolayer can act as a molecular wire 
template for immobilization of transition metal clusters. This can be a generic method for the 
fabrication of large area, “standing-up” organic-inorganic molecular wire array. It was 
demonstrated that the two-step coupling of transition metal complexes to pre-assembled OPP 
SAM is a preferred route for the realization of well-ordered transition metal-OPP molecular 
assemblies compared to the direct assembly of the synthesized transition metal-OPP molecular 
wire. Several important differences between the OPP monolayer and the transition metal chelated 
OPP monolayer were observed: (1) The transition metal-OPP monolayer were found to display 
more facile electron transport than OPP monolayer due to the modulation by the d-orbitals of the 
transition metal centers; (2) current-voltage studies confirmed that opposite rectification was 
observed in these molecular films due to the different orientation of the dipole moments in the 
respective molecular wires; (3) no NDR effect was observed in the OPP monolayer, although 
distinct and reproducible NDR features were observed in the transition metal-OPP molecular 
layers. The ability of the transition metal center to modulate charge transport characteristics 
suggests that an added dimension of tuning can be achieved in molecular electronics by 
incorporating d-orbitals in the π-conjugated molecular wire, these may have implications for the 
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Theoretical modeling of π-conjugated molecular wires incorporating  
transition metal complexes 
 
4.1 Introduction 
The perennial challenge in molecular electronics is to understand, control and utilize 
charge transport through single molecules. Electronic structure calculations serve as an important 
tool for investigating the electrical properties of new molecules and materials as well as for 
explaining the electronic transport phenomena observed in experiments. Developing in tandem 
with extensive experimental work, a number of theoretical approaches have been used to explore 
the electronic transport properties in molecular devices. Previous calculations have mostly been 
based on semi-empirical methods1—4 that employ parameterized Hamiltonians, such as tight-
binding or extended Hückel models. Development of ab initio methods permits the reliable 
modeling of a wide range of systems without the need of phenomenological parameters5 –7. 
Among the molecular systems studied, π-conjugated organic molecules have been 
intensively studied due to their extended delocalized systems which are desirable for charge 
transport. In recent years, attention has shifted to organic molecular wires incorporating 
metallocene moieties and a number of transition metal complexes which have been reported to 
exhibit higher conductance than their all-organic analogs.8, 9 These hybrid molecular wires can 
exhibit current rectification, negative differential resistance10 and transistor-like behavior11. 
Theoretical calculations of these hybrid molecular wires have been performed to explain these 
transport properties.8, 12, 13  
In this work, we examine the electron transport properties of all-organic molecular 
junctions incorporating transition metal complexes using density functional theory and 
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nonequilibrium Green’s function formalism. The current-voltage characteristics of all-organic 
(OPP) and hybrid molecular wires containing transition metal complexes (Pt-OPP and Ru-OPP) 
were calculated and compared to the corresponding experimental results presented in the previous 
chapter. Keeping in mind the discrepancies between DFT and experimental results, the central 
emphasis of our work is to gain a qualitative understanding of junction properties.  
 
4.2 Computational Details 
4.2.1  System setup 
 To construct the molecular wire junctions, geometries of the molecules and semi-infinite 
electrodes are first optimized separately with molecular dynamics. Figure 4-1a shows the 
optimized molecular geometries sandwiched between the electrodes. Au(111)-(3x3) surfaces are 
used to construct OPP molecular junction while larger (5x5) Au leads are used in OPP junctions 
incorporating transition metal complexes to avoid any interaction between the bulkier molecules 
in the next supercell. The optimized molecules are positioned between the electrodes with the 
thiol end forming a chemical bond at hollow site of the left gold electrode while an arbitrary gap 
is inserted between the right electrode and molecules to simulate the absence of a chemical bond.  
4.2.2 Computational method 
The electron transport properties of the molecular wires are investigated using first-
principles computational package, Atomistix ToolKit (ATK), based on non-equilibrium Green’s 
function (NEGF) combined with density functional theory (DFT).14  This method can treat 
molecule-electrode system self-consistently under finite bias condition. The effects of bulk 
electrodes are considered through self-energy which are effective Hamiltonians arising from the 
coupling of molecule with electrodes. Norm-conserving pseudopotentials are adopted to describe 
66 
 
the electron-ion interactions. NEGF is used to calculate the charge distribution for the systems. 
We use double-ζ plus polarization (DZP) basis set for all atoms except Au, for which single-ζ 
plus polarization (SZP) basis is used. Perdew-Zunger local density approximation (LDA) 
functional is adopted for exchange-correlation.  
The transmission function T(E,V) of the system is a sum of transmission probabilities of 
all channels available at energy E under external bias. The electric current as a function of the 
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where fL(E,V) and fR(E,V) are the Fermi-Dirac functions for the left and right electrodes at energy 
E under bias voltage V. The bias window is given by μR = Ef - eVbias/2 and μL = Ef + eVbias/2 
where Ef is the Fermi energy. 
 
4.3 Results & Discussion 
 Figure 4-1b shows the current-voltage (I-V) characteristics of OPP, Pt-OPP and Ru-OPP. 
Voltage bias is applied to the right electrode. The computed I-V curves agree with the 
experimental results in a few qualitative aspects. First, both molecular junctions incorporating 
transition metal complexes (Pt-OPP and Ru-OPP) exhibit higher conductance than their all-
organic analog OPP at low voltage biases within ±0.4 V. In addition, NDR peaks are observed in 
the I-V curves of Pt-OPP and Ru-OPP molecular junctions. Current rectification is reflected in all 
molecular wire junctions. However, the rectification polarity is not consistent with the 
experimental results. Only OPP molecular junction shows rectifying behavior observed in the 
experimental results. Surprisingly, despite the structural asymmetry and asymmetric molecular-
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electrode coupling in the hybrid molecular wires, no significant current rectification is observed 







Figure 4-1. (a) Relaxed geometries of OPP, Pt-OPP and Ru-OPP sandwiched between gold 
electrodes. Gold, grey, white, yellow, blue, light grey and turquoise denote gold, carbon, 
hydrogen, sulfur, nitrogen, platinum and ruthenium atoms, respectively. Only one unit cell for the 
semi-infinite electrode is shown. (b) Computed I-V curves of OPP, Pt-OPP and Ru-OPP 
molecular junctions shown in panel a. Positive current is flowing from right electrode to left 
electrode. 
 
Xue and Ratner have identified two key factors for understanding transport 
characteristics of a molecular junction: equilibrium energy-level lineup and the non-equilibrium 
current response to the applied bias.16 The influence of transition metal complex on the electronic 
structure of an organic conjugated system can thus be clarified by first examining the equilibrium 
transmission spectra and projected density of states (PDOS) of the molecular wires. The zero-bias 
transmission spectrum and PDOS plot of OPP are closely correlated as shown in Figure 4-2. Two 
broad peaks are present in both plots. The stronger peak lies at 0.8 eV above the electrode Fermi 
level while the weaker peak occurs at 1.2 eV below the Fermi energy. Upon comparison with 
eigenvalues of the MPSH orbitals, the transmission peaks are found to be contributed by the 











of OPP. The HOMO-LUMO gap of OPP is 2 eV, similar to typical conjugated organic 
molecules17, 18. Electron transport at low bias is expected to be dominated by direct tunneling, 
consistent with the sigmoidal shape of I-V curve displayed by OPP junction in Figure 4-1b. The 
isosurface diagrams of HOMO and LUMO are also displayed in Figure 4-2. As demonstrated by 
many authors, the spatial distribution of the frontier molecular orbitals is a good indicator of 
molecular charge transport. 8, 19 –21 Both frontier orbitals show significant delocalization over the 
entire molecule, indicating that molecular conduction will become favorable at higher bias. The 







Figure 4-2. Transmission spectrum (black) and density of states projected onto OPP (blue) as a 
function of electronic energy at zero bias. The vertical short lines represent the positions of the 
molecular orbital levels. Inset: Isosurface diagrams of HOMO and LUMO in OPP.   
 
On the other hand, incorporation of transition metal complex moieties in organic 
molecules introduces d orbital states which are higher in energy than π-bonding orbitals, leading 
to much smaller HOMO-LUMO gaps. These d states typically lie in close vicinity of the Fermi 
level as shown in Figure 4-3 and 4-4, facilitating low-bias conduction. Both Pt-OPP and Ru-OPP 
junctions exhibit molecular resonances within 0.5 eV from the Fermi energy level. When a small 





range, leading to higher currents compared to OPP. The origin of these molecular levels in Pt-
OPP and Ru-OPP is imaged in Figures 4-3 (inset) and 4-4b, respectively. Upon chelation to 
transition metal complexes, the frontier orbitals become fully localized on the transition metal ion 
and its ligands. This is manifested in the sharp and weak transmission resonances, resulting in a 
limited conductance enhancement over the all-organic molecule. Besides the availability of 
molecular states near Fermi level, the extent of delocalization in the molecules is also important 
in determining the molecular conduction. This means that high conductance can be achieved in 
the hybrid molecular wires if the phenylene and pyridine rings in OPP molecular bridge were co-
planar with the transition metal complex moiety. This is the case in perfect conduction through a 
ferrocene-based molecular wire demonstrated by Getty et al8. Theoretical calculations reveal the 
presence of a low-lying molecular level fully delocalized across the entire molecule that is 










Figure 4-3. Transmission coefficient (black) and PDOS (blue) on Pt-OPP as a function of 
electronic energy at zero bias. Energy origin is set to be the Fermi level Ef of the system. The red 






















Figure 4-4. (a) Transmission coefficient (black) and PDOS (blue) on Ru-OPP as a function of 
electronic energy at zero bias. Energy origin is set to be the Fermi level Ef of the system. The red 
lines represent the positions of the molecular orbital levels. (b) Isosurface diagrams of MPSH 
orbitals at zero bias. 






















OPP shows rectification with higher current when positive bias is applied to the right 
electrode. To understand how the rectification polarity comes about, we study in Figure 4-5 the 
evolution of molecular levels as a function of bias voltage. The PDOS and transmission features 
labeled A and B lying near the Fermi level can be assigned to HOMO and LUMO respectively. 
At low bias, none of the states enter the bias window and charge transport should be dominated 
by direct tunneling. Peak A is observed to follow the chemical potential of left electrode since 
more electron density in HOMO is concentrated near the left S atom as shown in Figure 4-2 
(inset). It enters the positive bias window at around 0.6 V and results in increased conductance. 
On the other hand, LUMO is more delocalized across the entire molecule and provides stronger 
coupling between the terminal ends of the molecule and both electrodes, hence it is not visibly 
affected by the applied voltage. In addition, the higher delocalization of LUMO can be used to 
explain the significantly higher transmission probability of peak B compared to that of peak A. 
However, since Peak B does not enter the bias window within the voltage range studied, it 







Figure 4-5. Evolution of (a) projected density of states (PDOS) on the molecule and (b) 
transmission probability as functions of electron energy and bias voltage. Triangle defined by 
white lines is the bias window. Solid and dashed lines refer the chemical potentials of right and 
left leads, respectively. 




The effect of vacuum gap between pyridyl end of the molecule and the right electrode on 
the rectification ratio of OPP molecular junction is also investigated. The rectification ratio (RR), 
given by I(+1 V)/I(-1 V), is found to decrease with increasing gap as shown in Table 4-1. This is 
due to greater voltage drop across the vacuum gap, leading to lower rectifying properties. The 
rectification ratio in the simulated I-V curve is in good agreement with experimental results, 
suggesting that the pyridyl end should be positioned at around 2.4 angstroms from the top 
electrode contact under experimental conditions. 
Table 4-1. The effect of vacuum gap on the rectification ratio shown in OPP molecular junction. 
Vacuum Gap /Å I(+1.0 V) /μA I(-1.0 V) /μA RR 
1.9 2.03094 -0.854878 2.3757 
2.09 1.28309 -0.589937 2.17496 
2.2 1.02031 -0.484956 2.1039 
2.4 0.630329 -0.307455 2.05015 
 
Based on the ellipsometry measurements reported in previous chapter, OPP molecules are 
found to be tilting at an angle of 14o from the surface normal. Simulation of infrared spectrum of 
SAMs prepared from analogous oligo(phenylene ethynylene)21 also revealed an average 
molecular tilt angle of <20o. By simulating the I-V characteristics of OPP tilted from surface 
normal by 14o, the effect of molecular tilt on the electrical properties could be studied. In Figure 
4-6, the computed I-V curve of partially tilted OPP wire shows only slight deviation from that of 
OPP wire standing upright. The lack of significant dependence of transport properties on the 
molecular tilt accounts for the close agreement between theoretical simulation and experimental 













Figure 4-6. Computed I-V curves for upright (red) and tilted (blue) configurations of OPP 
molecular junction. Inset shows the tilted geometry of OPP sandwiched between similar Au 
electrodes.  
 
 Although rectification is observed in hybrid molecular assemblies using scanning probe 
techniques and sandwich device measurements, it is not reflected in simulated I-V curves of 
hybrid molecular wires. The discrepancy is primarily due to the difference between the simulated 
interaction between molecule and the right electrode in theoretical calculations and the actual 
experimental conditions. Both Pt-OPP and Ru-OPP molecular wires terminate in a pyridine ring 
hydrogen atom. A chemical linkage cannot be formed between the molecule and the right 
electrodes and it is necessary to introduce an arbitrary gap of 2.5 Å to simulate the physical 
interaction between the molecule and the right electrode.  In the actual device measurement 
conditions, the conductive polymer cushioning layer in sandwich device structure might provide a 
better electrical contact at the molecule/electrode interface, allowing the rectification to be 
manifested. Similarly, the molecule-tip distance in scanning probe techniques is not well-defined, 
and a closer approach than 2.5 Å used in theoretical simulation might produce a more prominent 




electrode distance leads to a lower rectification ratio. It is also widely recognized that theoretical 
simulations do not agree with experimental results at times. Plausible origins of the discrepancy 
include the contacts between molecule and electrode22 –24, different electrode surface25, anchor 













Figure 4-7. Evolution of transmission probability with applied bias for (a) Pt-OPP and (c) Ru-
OPP. (c) and (d) show the shift in MPSH positions with applied bias. Solid and dashed lines refer 
to the electrochemical potentials of the left and right leads, respectively. Triangles defined by the 






Another unique feature of molecular wire incorporating transition metal complexes is the 
occurrence of NDR phenomenon. Under the influence of an applied voltage, the transmission 
peaks that fall within the bias window and contribute to charge transport will change in height 
and position. Figure 4-7a shows the bias voltage dependence of the transmission through Pt-OPP 
and Ru-OPP molecular junctions. The sharp increase in current preceding NDR occurs at -0.6 V 
and 0.2 V for Pt-OPP and Ru-OPP respectively as seen in Figure 1. These current spikes 
correspond to high transmission peaks in Figure 4-7a. To understand the evolution of 
transmission features with applied voltage, we scrutinize the shift in position of MPSH orbitals 
displayed in Figure 4-7b. The shift in transmission peaks is found to follow closely the 
eigenvalues of the MPSH orbitals. In general, the molecular orbitals respond differently under 
applied voltage according to their relative strength of coupling to the left and right leads. More 
delocalized molecular orbitals will follow the chemical potential of left lead to which the 
molecules are anchored to. On the contrary, orbitals localized at the transition metal ion are 
observed to follow the lower chemical potentials of the two electrodes. The shift of MPSH orbital 
position under applied bias can be understood by looking at the potential drop profile across the 
junction at positive and negative biases in Figure 4-8. Under negative bias, potential drops 
mainly across the vacuum between the molecule and the right electrode whereas at positive bias, 
the potential already starts to drop along the OPP molecular bridge. Hence, the MPSH orbitals 
localized around the transition metal complex moieties tend to track the lower chemical potential 
of the electrodes.  
In Pt-OPP junction, transmission peaks are mainly contributed by three frontier orbitals 
(101, 102 and 103). Increased current at -0.6 V can be attributed to increased delocalization of 
MPSH orbital 101. At -0.8 V, the electron density of the orbital decreases leading to lower 
current and NDR. On the other hand, transmission spectrum of Ru-OPP is contributed by 5 low-
lying MPSH orbitals. Sharp increase in current arises in Ru-OPP due to the overlapping of 
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orbitals 129 and 130 at 0.2 V to form a delocalized conduction pathway as shown in Figure 4-9. 
At 0.4 V, the two orbitals start to move apart and this, in addition to lower electron density in 
orbital 129, cause current to drop, giving rise to NDR behavior. Tunneling through the metal 
complex moieties give rise to these non-linear features since the calculated I-V curve in OPP 















Figure 4-9. Overlapping of MPSH orbitals (129 and 130) at 0.2 V to form a more delocalized 










4.4 Concluding remarks 
 In summary, theoretical simulations of the molecular junctions reveal a few salient 
features that support the experimental measurements presented in the previous chapter. This gives 
confidence that the higher low-bias conductance and NDR features exhibited by the hybrid 
molecular wire ensemble can be attributed to their intrinsic electronic structures, and not to 
specific device configurations used in the characterization. In agreement with the experimental 
results presented in the previous chapter, hybrid molecular films display higher conductance in 
addition to rectifying and NDR effects. However, the rectification polarity of the hybrid films as 
reflected in the theoretical I-V curves is not consistent with that observed in the experiments. The 
magnitudes of the calculated and experimentally recorded current also differ by a few orders of 
magnitude. Besides inaccuracy arising from the exchange correlation functional used in the 
computations, dissimilarities between the theoretical and experimental results stem mainly from 
the inadequate understanding and modeling of the interfacial bonding between molecule and 
electrodes. This underscores the importance of the role of contacts in affecting the electron 
transport across the molecular junctions. 
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Electron transport in Bithiophene-[60]fullerene dyad system  
on diamond platform. 
 
5.1  Introduction 
 In recent years, donor-acceptor molecular systems have featured prominently in the 
fabrication of highly efficient optoelectronic devices and photovoltaic cells.1 –10 In particular, 
oligothiophene-linked fullerene dyad systems have received considerable attention due to the 
efficient photoinduced electron transfer from the oligomer to the covalently attached fullerene 
moiety.6, 9, 10 In such molecular assemblies, the oligothiophene segment acts as the photo-active 
electron donor while fullerene behaves as an effective electron acceptor. Due to close proximity 
of the electron donor and acceptor moieties, these molecular dyads typically undergo fast charge 
separation upon photo-excitation, giving rise to high photoconversion efficiency.  
 Boron-doped diamond (BDD) has emerged as a promising candidate for advanced 
electronic materials owing to its chemical robustness, wide electrochemical potential window and 
optical transparency. Coupled with the ease of tailoring nanoarchitectures via organic chemistry, 
BDD is increasingly being used as a platform for sensing applications. Zhong et al have recently 
demonstrated palladium-catalyzed Suzuki coupling as yet another versatile approach towards 
functionalization of diamond surface.11 In this approach, organic aryl molecules can be attached 
via chemically stable C-C bonding, advantageous for efficient charge transfer.  
 Electrochemical impedance spectroscopy (EIS) has been widely employed in the 
elucidation of electronic and ionic processes occurring in dye-sensitized solar cells (DSCs).12 –16 
The key factors governing the performance of DSCs can be derived from the impedance data 
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using an appropriate equivalent circuit model. EIS therefore serves as a useful diagnostic tool for 
an overall evaluation of a DSC. 
 In this work, we constructed donor-acceptor molecular dyads comprising of bithiophene 
as photo-active electron donor and fullerene or dicyano moiety as the electron acceptor on a 
boron-doped diamond platform. The electronic transport properties of these donor-acceptor 
molecular wires were investigated using STM/STS technique. The application of donor-acceptor 
molecular dyads as active layer in diamond-based solar cells was also explored and analyzed 
using EIS.  
 
5.2 Experimental Section 
5.2.1  Materials 
All chemicals purchased were of the purest grade and used as received from Sigma-
Aldrich unless otherwise stated. Solvents used in reactions and rinsing were of HPLC grade. 5-(5-
iodothiophene-2-yl)thiophene-2-carbaldehyde (I-2T-CHO) was synthesized and characterized by 
MALDI-TOF and NMR. Nanopure water (18.0 MΩ cm) was used for preparation of electrolyte 
solutions in electrochemical experiments. 
5.2.2 Preparation of diamond substrate 
Optically transparent diamond electrode was fabricated by the chemical vapor deposition 
of a thin layer of boron-doped diamond film on quartz substrate (160 nm thick, boron 
concentration: 7 × 1020 cm-3). Acid cleaning followed by hydrogen plasma treatment were 
performed for all diamond samples prior to surface functionalization. Metallic and organic 
impurities were sequentially removed by soaking in hot aqua regia (HNO3/HCl = 1:3) followed 




























microwave hydrogen plasma treatment using 800 W microwave power and 300 sccm of hydrogen 
gas flow for 15 min.  










Figure 5-1. Schematic showing preparation of 2T-C60 and 2T(CN)2 samples that involve (i) 
functionalization of hydrogen-terminated BDD with arylboronic ester using cyclic voltammetry; 
(ii) Suzuki coupling of iodo-bithiophene or iodo-bithiophene-dicyano and finally (iii) C60 grafting 
by reflux overnight. 
 
Figure 5-1 shows the functionalization steps for fabricating molecular dyad 2T-C60 on 
diamond platform. The boron-doped diamond (BDD) substrate was first functionalized with 
arylboronic ester using cyclic voltammetry between +0.5 V and -0.5V (vs Ag/AgCl) with a scan 
rate of 100 mV/s. Solution of 5 mM arylboronic ester was prepared in 0.1 M HCl and purged with 
N2 gas for at least 15 min prior to experiment. Arylboronic ester-functionalized diamond substrate 
was rinsed thoroughly and sonicated in Nanopure water, THF, and hexane to remove any 
physisorbed molecules.  
Suzuki coupling of bithiophene to diamond was carried out by heating arylboronic ester 
functionalized diamond in a solution containing I-2T-CHO or I-2T(CN)2 (50 μmol), NaOAc (0.5 









sequentially rinsed and sonicated in methanol, toluene, THF and hexane to remove any 
physisorbed molecules. 
C60 was next grafted onto 2T-CHO functionalized diamond by refluxing the substrate in a 
solution of C60 (10 mg) and N-methylglycine (5 mg) in 10 mL argon-purged toluene under N2 
atmosphere for 24 h. After coupling, the substrate was sequentially rinsed and sonicated in 
toluene, THF and hexane for at least 30 min to remove any physisorbed C60 molecules. 
5.2.4 STM/STS Characterization of the donor-acceptor molecular wires 
All STM measurements were performed at room temperature under ambient conditions. 
Mechanically cut Pt80Ir20 tips were used for imaging and I-V measurements with bias applied to 
the sample. The topographic images were obtained in the constant current mode with large tunnel 
junction impedances of 50 GΩ-1 TΩ to avoid destructive tip-surface interactions.  
STS measurements were performed at a fixed tip-sample distance with the feedback loop 
switched off. Each I/V curve was averaged over five successive voltage sweeps. The scan rate 
was 10 V/s to minimize any influence of lateral drift.  
5.2.5 I-V characterization of molecular dyads in sandwich device structure 
 The molecular dyads were similarly assembled on clean patterned BDD substrates and 
Zn(II) tetra-4-(2,4-di-tert-amylphenoxy)phthalocyanine (ZnPc) thin films were spin-coated on top 
to prevent electrical short-circuiting during evaporation of top contact. Aluminium top contacts 
were then evaporated through a shadow mask to form molecular junctions as shown in inset of 
Figure 5-5. These sandwich device structures were probed using a Keithley 2602A Sourcemeter 
on a probe station. 
5.2.6 Impedance spectroscopy 
Electrochemical measurements were performed in a three-electrode configuration with 
diamond sample as the working electrode, Ag/AgCl (3.0 M KCl) as reference electrode and 
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platinum mesh as counter electrode. The geometric area of the diamond working electrode was 
defined by the size of a Viton O-ring (0.07 cm2). For electrochemical grafting of arylboronic ester, 
electrical contact was established at the dry corner of the BDD substrate that was partially 
immersed in electrolyte to maximize the area of functionalization. Voltammetry and impedance 
experiments were performed on Autolab PGSTAT30 digital potentiostat and FRA2 module (Eco 
Chemie, B.V., The Netherlands).  
Photocurrent response curve and impedance spectra were acquired in an argon-saturated 
0.1 M Na2SO4 solution containing 5 mM methyl viologen (MV2+) as the electron carrier. The 
light source employed was a 100 W halogen lamp. Impedance measurements were recorded at 
various applied bias from 0.20 V to -0.40 V with a superimposed sinusoidal potential with 
amplitude of 10 mV, at frequency range from 10 kHz to 0.01 Hz.  
For analysis of impedance data, the validity of experimental results was checked with the 
Kramers-Kronig (K-K) test.17 K-K test gives values of χ2, which is the sum of squares of the 
difference between calculated and experimental values for real and imaginary impedance. High 
quality data have χ2 values between 10-5 and 10-6 and are modeled with an equivalent circuit using 
a complex non-linear least squares (CNLS) procedure. Experimental data with χ2 higher than 10-4 
do not satisfy the Kramers-Kronig conditions and no reliable equivalent circuit can be used to 
describe the data. 
 
5.3 Results & discussion 
5.3.1 STM/STS Characterization of molecular films 
Surface Morphologies of molecular films by STM 
Figure 5-2 shows typical STM morphologies of bare and functionalized BDDs. The 
surface of clean polycrystalline BDD is featureless with root-mean-square (rms) roughness of 
around 700 pm. On the other hand, STM images of BDD functionalized with bithiophene (2T), 
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bithiophene-C60 (2T-C60) and bithiophene-dicyano (2T(CN)2) reveal uniformly distributed 
spherical structures of varying dimensions. From the line profiles of 2T and 2T(CN)2, the 
apparent height of the bright spherical features is found to be around 7 Å, indicating formation of 
a uniform monolayer. In the case of 2T-C60, the line profile shows two protrusions with width of 
2-3 nm and height of about 1.2 nm which is attributable to C60 molecules tethered to bithiophene 
monolayer. The abnormally large width of molecules in STM images is mainly due to 
convolution with the finite size of the STM tip. It should be noted that no molecular resolution 
could be found in our STM images. This could be due to the experimental conditions under which 





Figure 5-2. Constant-current STM images of (a) bare BDD, and BDD functionalized with (b) 2T, 
(c) 2T-C60 and (d) 2T(CN)2 recorded in air under set-point conditions : +1000 mV and 2 pA. The 
line profiles show the surface topographies along the red lines marked in the STM images.  
 
STS I-V Characterization 
Figure 5-3 shows the I-V characteristics of bare BDD, 2T-modified BDD, 2T-C60 on 
BDD and 2T(CN)2 respectively. I-V curve of bare BDD shows characteristic sigmoidal shape of 
semiconductor material. Bare BDD showed almost symmetric conductance, with slightly higher 
current under the positive bias voltage. I-V curve of 2T/BDD shows rectification with higher 
current at negative bias voltage. In contrast, both 2T-C60 and 2T(CN)2 exhibited rectification in 
the opposite polarity in absence of light. Upon illumination, the flat region of I-V curve is 
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reduced, accompanied by enhanced conduction at both positive and negative bias voltages for 
both 2T(CN)2 and 2T-C60 as shown in Figure 5-3c—d (hollow circles).  The increase in current 
under negative bias is greater than that at positive bias. The rectification ratios (RR) for 2T-C60 
and 2T(CN)2 are 1.36 and 1.17 respectively, where RR = I(-1.2V)/I(+1.2V). The enhanced 
conduction at negative bias voltage under illumination can be attributed to the photo-excitation of 











Figure 5-3. I-V characteristics of (a) bare BDD, (b) 2T/BDD, (c) 2T-C60 and (d) 2T(CN)2. The 















Figure 5-4. Frontier orbitals of 2T-C60 (left panel) and 2T(CN)2 (right panel). 
 
2T(CN)2 exhibits higher currents than 2T-C60 due to the fact that its frontier orbitals are 
delocalized over the entire molecule as shown in Figure 5-4, enabling more facile charge 
transport. In addition, 2T(CN)2 compounds are synthesized such that each bithiophene segment is 
covalently attached to a dicyano moiety whereas not all bithiophene molecules is coupled to a C60 
moiety in 2T-C60 since C60 is coupled to 2T-functionalized BDD in a separate step. On the other 
hand, 2T-C60 shows multiple peaks in I/V curves as shown in Figure 5-3c. These peaks resemble 
negative differential resistance (NDR) phenomenon which has been previously reported in 
another C60 derivative.18 The occurrence of NDR effect is due to weak charge transfer between 
bithiophene and C60 due to lack of delocalization between the two moieties as shown in Figure 5-
4. The absence of conjugation throughout the 2T-C60 might also aid in efficient charge separation 
once electron is transferred from photoexcited bithiophene to C60 acceptor and this might have 
produced a stronger rectification as compared to 2T(CN)2. 
Interpretation of STS results is complicated by the presence of a tunneling gap between 
the STM tip and the sample surface. The tunneling gap seems to favor electron transfer from tip 
to surface since the bare BDD substrate itself displayed slightly higher currents when the sample 
is positively biased. 
 
















Figure 5-5. Sandwich device I-V results for 2T-C60 and 2T(CN)2. Voltage bias was applied to 
BDD bottom contact. 
 
The molecular systems were also investigated using the sandwich device configuration. 
Figure 5-5 shows the I-V characteristics of 2T-C60 and 2T(CN)2. Under light illumination, both 
molecular dyads displayed prominent rectifying behavior with higher conductivity when the BDD 
substrates were negatively biased. The preferred direction of electron flow is from bithiophene to 
the electron acceptor moieties. The rectification ratios (RR) of 2T-C60 and 2T(CN)2 are 8 and 3 
respectively, where RR = I(-1.0V)/I(+1.0V). Again, stronger rectification effect can be observed 
in 2T-C60 whereas higher current magnitudes are observed in 2T(CN)2. These observations are in 
agreement with the STM results presented earlier.  
Such donor-acceptor architectures could be used as rectifier in the field of molecular 
electronics or in solar cell applications which would be explored in the following section. 
5.3.2 Impedance Studies of diamond-based organic solar cells 


















Figure 5-6. Impedance spectra of bare BDD under illumination (black symbols) and in absence 
of light (grey symbols) at 0.2 V (squares), 0 V (triangles) and -0.4 V (circles). (a) Nyquist plots 
with an inset showing the enlarged plot for applied bias = -0.4 V; (b) Bode phase plots.  
 
Figure 5-6 shows impedance spectra of bare BDD measured at different dc potentials. At 
positive potential, the phase angle θ is close to -90o at low frequency end, indicating that the 
interface behaves nearly like an ideal capacitor at low frequencies. Above 1000 Hz, θ approaches 
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0o, reflecting an onset of resistive behavior at the interface. At high frequency end, the impedance 
is limited by the uncompensated solution resistance which is partly determined by the physical 
separation between the sample and the reference electrode. The apparent transition from 
capacitive to resistive behavior is therefore dependent on cell geometry. Moving the reference 
electrode closer to the sample will lower the solution resistance and extend the capacitive region 
out to higher frequencies. Overall, the data show that bare diamond surfaces are capacitive at low 
frequencies and resistive at high frequencies, with slight deviations from ideal behavior.  
In addition to the strong frequency dependence, Figure 5-6 also shows that impedance of 
the bare BDD is dependent on the dc potential. Application of a negative electric field will cause 
the BDD/electrolyte interface to deviate from capacitive as electron leakage to acceptors such as 
O2 and methyl viologen (MV2+) take place, giving rise to a resistive element in parallel with 
diamond film capacitance. The additional resistive component manifests itself as an emerging 
peak and semicircle in Bode phase and Nyquist plots, respectively.  
Illumination of BDD slightly lowers impedance at low frequency end probably due to 
excitation of electrons into conduction band under light illumination, enhancing conduction. This 
produced a slightly smaller semi circle in Nyquist plot but did not yield significant photocurrent 
as shown in Figure 5-7a. In contrast, the donor-acceptor molecular assemblies on BDD showed a 
strong cathodic photoelectrochemical response. 
Photocurrent response of functionalized BDD 
The cathodic photocurrent generated by 2T-C60 on BDD increases on application of more 
negative potentials as shown in Figure 5-7b. This result clearly demonstrates that photoexcitation 
of the bithiophene chromophore first induces electron transfer from bithiophene to the C60 moiety 
to generate a unidirectional electron flow from BDD to Pt counter electrode via MV2+ electron 
carrier. At -0.2 V, the photocurrent generated increased by 61% from that at zero bias. However, 
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application of more negative potentials (<-0.2 V) resulted in significantly larger dark currents and 






Figure 5-7. (a) Photocurrent response of H-terminated BDD (black),  2T (red), 2T-C60 (green) 
and 2T-C60F36 (blue) on BDD in 5 mM methyl viologen/0.1 M Na2SO4 solution at 0 V (vs 
Ag/AgCl). (b) Photocurrent response of 2T-C60 at different applied potentials. 
 
In Figure 5-7a, BDD functionalized with bithiophene showed much smaller photocurrent 
production due to inefficient charge separation without an electron accepting moiety. In presence 
of C60 derivatives as electron acceptors, photocurrent generation was enhanced dramatically. 
In principle, C60F36 should show highest photocurrent generation due to the electron-
withdrawing property of fluorine substituents. The relatively low photoconversion efficiency for 
C60F36 can be attributed to unfavorable energy lineup with solution redox species. 
EIS results of 2T-C60/BDD in dark and under illumination 
EIS was employed to elucidate the electronic and ionic processes upon light illumination 
of 2T-C60 on BDD. The impedance spectra recorded in dark and under illumination are displayed 
in the form of Nyquist and Bode phase plots in Figure 5-8. The Bode phase plot of the 2T-
C60/BDD in the dark bears close resemblance to that of the bare BDD. At positive potential, the 
phase angle is close to 90o at low frequency implying that the system behaved almost like a ideal 




an ideal capacitor. On the application of more negative voltage above -0.3 V, dark current due to 
electron injection from diamond valence band into the LUMO of the electrolyte redox species 
becomes evident from the shrinking semi-circle in the Nyquist plot. Upon illumination, the 
electron transfer takes place predominantly at functionalized BDD/electrolyte interface. Electron 
transfer resistance at the 2T-C60/electrolyte interface is much lower, compared to that between 
bare BDD and electrolyte in the dark, due to photo-induced electron transfer process. At 
increasing applied negative voltage, a second semi-circle emerged at the low frequency end in the 















Figure 5-8. Nyquist and Bode phase plots of 2T-C60-functionalized BDD in absence and 
presence of light. 
 
Different processes proceeded in dark and under illumination. In dark, no photoreaction 
















modeled by a parallel combination of a resistor (Rct) and constant phase element (Q1) as shown in 
Figure 5-9b.  At negative dc bias, redox mediator species in electrolyte (mainly MV2+) will 
diffuse to the exposed regions of BDD. However, electron transfer resistance at the 
BDD/electrolyte interface is high leading to only part of or one semicircle being observed. 
Diffusion arc appeared only at potentials < -0.35V at low frequency end. Table 5-1 shows the 
fitting results of the impedance spectra using circuits presented in Figure 5-9b—c. Rct is found to 



















Figure 5-9.  (a) Schematic of the cascade of events in 2T-C60 dyad under illumination. Equivalent 
circuit models used in (b) dark and at 0V or small negative potentials; (c) dark and at large 
negative potentials < -0.3 V; (c) under illumination and at 0V or small negative potentials;  (d) 
































Table 5-1. Fitting results of 2T-C60 in the dark under different applied dc potentials using 
equivalent circuit in Figures 5-9b—c. 
 0V -0.2V -0.3V 
RS /  Ω 794 ± 3 736 ± 3 736 ± 4 
Rct / MΩ 12.9 ± 0.5  1.57 ± 0.02 (72.7 ± 0.6) × 10-3 
 Q1           Y0 
                 N 
(3.92 ± 0.01) × 10-6
0.8938 ± 0.0008 
(5.59 ± 0.02) × 10-6 
0.879 ± 0.001 
(5.00 ± 0.06) × 10-6 
0.888 ± 0.003 
Zd  --- --- (0.6 ± 0.1) × 10-3 
 
Under illumination, a cascade of events unfolds upon photoexcitation of the bithiophene 
moieties including electron transfer to C60 electron acceptor, oxidation by electron carriers in 
electrolyte and finally the regeneration of electron carriers at the counter electrode as presented in 
Figure 5-9a. At positive and low negative potentials, electron transfer resistance is huge, again 
dominating the impedance spectrum as part of or a big semicircle.  As the electron transfer 
resistance is now much smaller as compared to the case in the absence of light, the Pt/electrolyte 
interface must be modeled with an additional parallel combination of resistor (RPt) and ideal 
capacitor or constant phase element (C or Q2) for accurate fitting of the impedance spectra 
(Figure 5-9d). Application of a more negative potential provided an electric field that 
increasingly favors electron flow from diamond electrode to the biothiophene, leading to a 
shrinking semicircle at high frequency. However at very negative potentials, the dark current (e 
transfer from bare BDD regions to MV2+ or O2 electron acceptors in electrolyte) also becomes 
increasingly significant and this will affect the photoconversion efficiency. Under such 
circumstances, mass-transfer limitation sets in and produces an additional component in Bode 
phase plot or additional arc at low frequency end in Nyquist plot. An additional resistor element 
(Z) is included in the circuit model to account for the diffusion impedance (Figure 5-9e). The 
impedance spectra under different applied dc potentials could be fitted using the equivalent 
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circuits shown in Figure 5-9d—e with reasonably good fit (χ2 ~ 10-3). From Table 5-2, Rct values 
under illumination are a few orders of magnitude lower than those recorded in the dark due to the 
photo-induced electron transfer from bithiophene to C60, resulting in a more facile electron 
transfer from functionalized BDD to the electrolyte. An important point to note is that the 
lowering of Rct at increasingly negative potentials < -0.2 V did not lead to continuous increase in 
photocurrent generation due to the significantly large dark currents. The charge transfer resistance 
at platinum counter electrode is verified to be small (few kiloohms) and can be left out in the 
modeling of the impedance results recorded in dark.  
Table 5-2. Fitting results of 2T-C60 under illumination and different applied dc potentials using 
equivalents circuits in Figures 5-9d—e. 
 0 V -0.2 V -0.3 V 
RS / Ω 689 ± 2 682 ± 2 686 ± 3 
Rct / kΩ 1011 ± 8 235 ± 1 17.9 ± 0.5 
Q1       Y0 
             N 
(5.74 ± 0.03) × 10-6 
0.875 ± 0.001 
(6.36 ± 0.08) × 10-6 
0.869 ± 0.002 
(5.64 ± 0.07) × 10-6 
0.886 ± 0.006 
RPt / kΩ 6.6 ± 0.9 7.2 ± 0.8 5 ± 0.8 
C / μF 42 ± 4 23 ± 2 --- 
Q2        Y0 
             N 
--- --- (5 ± 2) × 10-4 
0.69 ± 0.09 
 
5.4 Concluding Remarks 
 In conclusion, photo-active donor-acceptor molecular assemblies prepared on 
BDD substrates exhibited prominent rectification behavior under illumination, with electrons 
preferentially flowing from bithiophene to the acceptor moiety (C60 or dicyano). 2T-dicyano, with 
its delocalized π-system extending from donor to the acceptor moiety, displayed higher 
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conductivity but weaker rectification compared to 2T-C60. Weak electronic interaction between 
donor and acceptor moieties in 2T-C60 seemed to enhance current rectification due to more 
efficient charge separation upon photoinduced electron transfer from bithiophene to C60. Currents 
were enhanced to a greater extent under negative bias voltages under illumination and this 
photovoltaic property of 2T-C60 was further investigated using electrochemical measurements. 
2T-C60 was shown to generate much larger photocurrent compared to 2T. This shows that donor-
acceptor molecular structures help to facilitate charge separation and improve photoconversion 
efficiency. Last but not least, impedance spectroscopy was used to elucidate the electronic and 
ionic processes undergoing in 2T-C60 films under various dc potentials and lighting conditions. 
Application of increasingly negative potentials lowered the charge transfer resistance at the 
functionalized BDD/electrolyte interface, leading to more facile charge transfer and larger 
photocurrents. However, at potentials lower than -0.35V, charge recombination (i.e. charge 
transfer in the reverse direction) became significant and photocurrent generation reached a 
maximum. Our work shows that donor-acceptor molecular assemblies on diamond platform are 
viable alternatives to dye-sensitized solar cells based on titanium oxide films. Future work would 
include optimization of the device structure and more extensive studies of donor-acceptor 
molecules to improve the photovoltaic performance of diamond-based solar cells. 
 
References 
1 Imahori, H.; Norieda, H.; Yamada, H.; Nishimura, Y.; Yamazaki, I.; Sakata, Y.; Fukuzumi, S. J. 
Am. Chem. Soc. 2001, 123, 100 –110. 
2 Akiyama, T.; Inoue, M.; Kuwahara, Y.; Yamada, S. Jpn. J. Appl. Phys. 2002, 41, 4737 –4738. 
3 Pradhan, B.; Bandyopadhyay, A.; Pal, A. J. Appl. Phys. Lett. 2004, 85, 663 –665. 
4 Spanggaard, H.; Krebs, F. C. Sol. Energy Mater. Sol. Cells 2004, 83, 125 –146. 
5 Thomas, K. G.; George, M. V.; Kamat, P. V. Helv. Chim. Acta 2005, 88, 1291 –1308. 
96 
 
6 Schulze, K.; Uhrich, C.; Schüppel, R.; Leo, K.; Pfeiffer, M.; Brier, E.; Reinold, E.; Bäuerle, P. 
Adv. Mater. 2006, 18, 2872 –2875. 
7 Imahori, H. J. Mater. Chem. 2007, 17 31 –41. 
8 Pinzón, J. R.; Plonska-Brzezinska, M. E.; Cardona, C. M.; Athans, A. J.; Gayathri, S. S.; Guldi, 
D. M.; Herranz, M. A.; Martín, N.; Torres, T.; Echegoyen, L. Angew. Chem. Int. Ed. 2008, 47, 
4173 –4176. 
9 Nishizawa, T.; Tajima, K.; Hashimoto, K. Nanotechnology 2008, 19, 424017/1—424017/8. 
10 Sakai, J.; Saito, K. Org. Electron. 2008, 9, 582 –590. 
11 Zhong, Y. L.; Loh, K. P.; Midya, A.; Chen, Z.-K. Chem. Mater. 2008, 9, 3137 –3144. 
12 Wang, Q.; Moser, J.-E.; Grätzel, M. J. Phys. Chem.B 2005, 109, 14945 –14953. 
13 Fabregat-Santiago, F.; Bisquert, J.; Garcia-Belmonte, G.; Boschloo, G.; Hagfeldt, A. Sol. 
Energy Mater. Sol. Cells 2005, 87, 117 –131. 
14 Hoshikawa, T.; Yamada, M.; Kikuchi, R.; Eguchi, K. J. Electroanal. Chem. 2005, 577, 339 –
348. 
15 Fabregat-Santiago, F.; Randriamahazaka, H.; Zaban, A.; Garcia-Cañadas, J.; Garcia-Belmonte, 
G.; Bisquert, J. Phys. Chem. Chem. Phys. 2006, 8, 1827 –1833. 
16  Fabregat-Santiago, F.; Bisquert, J.; Palomares, E.; Otero, L.; Kuang, D.; Zakeeruddin, S. M.; 
Grätzel, M. J. Phys. Chem. C 2007, 111, 6550 –6560. 
17 Boukamp, B. A. J. Electrochem. Soc. 1995, 142, 1885 –1894. 
18 Kang, S. H.; Ma, H.; Kang, M.-S.; Kim, K.-S.; Jen, A. K.-Y.; Zareie, M. H.; Sarikaya, M. 







 One of the longstanding goals in the field of molecular electronics is to understand the 
relationship between the structural characteristics of a molecule and its electronic properties. This 
is also the central theme we seek to address throughout the present thesis.  
In the first part of our work, we have demonstrated that different assembly procedures 
produced molecular films with drastically different molecular orientation and packing. Direct 
assembly of as-synthesized Pt-OPP molecules formed defective films with large molecular tilt 
relative to surface normal, whereas immobilization of Pt(II) complexes onto OPP SAM scaffold 
in a two-step procedure produced well-ordered, ‘standing up’ hybrid molecular ensemble.  The 
important finding is that effective electronic coupling of transition metal complexes onto organic 
wire can result in a molecular wire with higher conductance compared to the organic molecular 
wire. The presence of the transition metal complex also introduces distinct negative differential 
resistance effects. The difference in molecular orientation was translated into significantly 
different electronic behavior. Hybrid films formed via the two-step route exhibited slight 
rectifying behavior arising from presence of dipole moment along molecular axis, and directly 
assembled films displayed symmetric I-V characteristics. In addition, we observed that though the 
hybrid molecules possess large dipole moments and were expected to serve as good molecular 
rectifiers, prominent rectifying behavior was not manifested in the vertically upright molecular 
ensemble. The possible reasons are: (1) Incomplete coordination of all pyridyl moieties to 
transition metal complexes; (2) unequal molecule-electrode coupling whereby weaker coupling at 
STM tip/molecule interface resulted in larger potential drop, diminishing the current asymmetry; 
(3) slightly different molecular orientations of coordinated transition metal complexes that might 
cancel out rectifying effects. Our work highlights the importance of verifying the molecular 
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organization and structure on the substrate in order to obtain meaningful conclusions from the 
observed electronic behavior. Many factors, including molecular structure, molecular orientation 
on substrate, overall film order as well as molecule-electrode contacts, are critical in determining 
the final device functionalities.  Theoretical computations serve as a useful tool to reveal inherent 
properties of the molecules as well as to provide insights into the charge transport properties 
observed. Enhanced conductance and NDR effects that were observed experimentally are also 
reflected in the simulated I-V curves.  
Apart from molecules possessing large dipole moments, molecular wires with donor and 
acceptor moieties are also potential molecular rectifiers. Using conducting diamond as the 
substrate, molecular wire with donor-acceptor structure was coupled covalently onto conducting 
diamond. The choice of diamond was motivated by the presence of negative electron affinity on 
diamond which favors electron injection from the substrate under photo-excitation. Strong 
rectification behavior of such donor-acceptor molecular wires was observed in sandwich device 
structures. Between the two electron acceptor moieties explored, computer simulation shows that 
dicyano group provides an extended delocalized network over the entire molecule. In the case of 
C60, there is no molecular orbital overlap between donor and acceptor groups. As a result, 
2T(CN)2 exhibited higher conductivity but weaker rectification compared to 2T-C60. For the I-V 
measurements of both organic-inorganic hybrid molecular wires and donor-acceptor molecular 
dyads, large-area sandwich junctions seem to reflect a stronger rectification which is only mildly 
shown in STS results. The main reason for the discrepancy should be due to the coupling between 
the molecule and the top metal contact.   
Future work may consider the design of molecular wire with two terminal ends to ensure 
proper electronic coupling to electrodes. The termination of the organic wire by a terminal 
transition metal complex with no specific tethering groups for the metal electrodes was found in 
this work to introduce contact resistance and potential drop that influences the transport behavior 
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in complex ways. A better design is to sandwich the organometallic or transition metal complex 
between two organic linkers, the organic linkers in turn provide covalent coupling to the metal 
electrodes. The equivalent contacts at both terminals will ensure that rectification effects due to 
the intrinsic molecular properties will manifest. 
 
